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PREFACE TO FIFTH EDITION. 


When this work was first in preparation the author had before 
him the problem of teaching thermodynamics so that students in 
engineering could use the results immediately in connection with 
experiments in the Engineering Laboratories of the Massachu- 
setts Institute of Technology. The acceptance of the book by 
teachers of engineering appears to justify its general plan, which 
will be adhered to now that the development of engineering calls 
for a complete revision. 

The author is still of the opinion that the general mathematical 
presentation due to Clausius and Kelvin is most satisfactory and 
carries with it the ability to read current thermodynamic inves- 
tigations by engineers and physicists. At the same time it is 
recognized that recent investigations of superheated steam are 
presented in such a way as to narrow the applications of the 
general method so that there is justification for those who prefer 
special methods for those applications. To provide for both 
views of this subject, the general mathematical discussion is 
presented in a separate chapter, which may be omitted at the 
first reading (or altogether), provided that the special methods, 
which also arc given in the proper places, are taken to be sufficient. 

The first edition presented fundamental data not generally 
accepted at that time, so that it was considered necessary to 
justify the data by giving the derivation at length; much of this 
matter, which is no longer new, is removed to an appendix, to 
relieve the student of discussions that must appear unnecessary 
and tedious. 

The introduction of the steam-turbine has changed adiabatic 
calculations for steam, from an apparent academic abstraction, to 
a common necessity. To meet this changed condition, the Tables of 
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Properties of Saturated Steam have had added to them columns 
of entropies of vaporization; and further there has been 
computed a table of the quality (or dryness factor) the heat 
contents and volume at constant entropy, for each degree 
Fahrenheit. This table will enable the computer to deter- 
mine directly the effect of adiabatic expansion to any pres- 
sure or volume, and to calculate with ease the external work 
in a cylinder or the velocity of flow through an orifice or nozzle 
including the effect of friction; and also to determine the distri- 
bution of work and pressure for a steam-turbine. For the 
greater part of practical work this table may be used without 
interpolation, or by interpolation greater refinement may be had. 

Advantage is taken of recent experiments on the properties of 
superheated steam and of the application to tests on engines to 
place that subject in a more satisfactory condition. Attention 
is also given to the development of internal combustion engines 
and to the use of fuel and blast-furnace gas. A chapter is given 
on the thermodynamics of the steam-turbine with current method 
of computation, and results of tests. 

So far as possible the various chapters are made independent, 
so that individual subjects, such as the steam-engine, steam-tur- 
bine, compressed-air and refrigerating machines, may be read 
separately in the order that may commend itself. 


PREFACE TO FIRST EDITION. 


Tms work is designed to give instruction to students it 
technical schools in the methods and results of the application 
of thermodynamics to engineering. While it has been considerec 
desirable to follow commonly accepted methods, some part 
differ from other text-books, either in substance or in manner q 
presentation, and may require a few words of explanation. ' 

The general theory or formal presentation of thermodynamic 
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is that employed by the majority of writers, and was prepared 
with the view of presenting clearly the difficulties inherent in the 
subject, and of giving familiarity with the processes employed. 

In the discussion of the properties of gases and vapors the 
original experimental data on which the working equations, 
whether logical or empirical, must be based are given quite 
fully, to afford an idea of the degree of accuracy attainable in 
calculations made with their aid. Rowland’s determination of 
the mechanical equivalent of heat has been adopted, and with it 
his determination of the specific heat of water at low tempera- 
tures. The author’s “Tables of the Properties of Saturated 
Steam and Other Vapors” were calculated to accompany this 
work, and may be considered to be an integral part of it. 

The chapters on the flow of gases and vapors and on the 
injector are believed to present some novel features, especially 
in the comparisons with experiments. 

The feature in which this book differs most from similar 
works is in the treatment of the steam-engine. It has been 
deemed advisable to avoid all approximate theories based on 
the assumption of adiabatic change.s of steam in an engine 
cylinder, and instead to make a systematic study of steam- 
engine tests, with the view of finding what is actually known on 
the subject, and how future investigations and improvements 
may be made. For this purpose a large number of tests have 
been collected, arranged, and compared. Special attention is 
given to the investigations of the action of steam in the cylinder 
of an engine, considerable space being given to Hirn’s researches 
and to experiments that provide the ba.sis for them. Directions 
are given for testing engines, and for designing simple and com- 
pound engines. 

Chapters have been added on compressed-air and refrigerating 
machines, to provide for the study of these important subjects 
in connection with the theory of thermodynamics. 

Wherever direct quotations have been made, references have 
been given in foot-notes, to aid in more extended investigations. 
It does not appear necessary to add other acknowledgment of 
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PREFACE TO FOURTH EDITION. 


assistance from weU-known authors, further than to say that 
their writings have been diligently searched in the preparation 
of this book, since any text-book must be largely an adaptation of 
their work to the needs of instruction. 

C. H. P. 

Massachusetts Institute or Technology, 

May, 1889. 




A THOROUGH revision of this work has been made to bring 
it into accord with more recent practice and to include later 
experimental work. Advantage is taken of this opportunity to 
make changes in matter or in arrangement which it is believed 
will make it more useful as a text-book. 

C. H. P. 

Massachusetts Institute of Technology 
July, 1898. 
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THERMODYNAMICS OF THE STEAM-ENGINE, 


CHAPTER I. 

THERMAL CAPACITIES. 

The object of thermodynamics, or the mechanical theory of 
heat, is the solution of jiroblems involving the action of heat, 
and, for the engineer, more especially those problems presented 
by the steam-engine and other thermal motors. The substances 
in which the engineer has the most interest are gases and vapors, 
more especially air and steam. Fortunately an adequate treat- 
ment can be given of these substances for engineering purposes. 

First General Principle. — In the development of the theory 
of thermodynamics it is assumed that if any two characteristics 
or propcrlie.H of a substance arc known these two, treated as 
independent variables, will enable us to calculate any third 
property. 

As an example, we have from the combination of the laws of 
Boyle and Gay-Lussac the general eejuation for gases, 

pv RT, 

in which p is the pressure, v is the volume, T is the absolute 
temperature by the air-thermometer, and i? is a constant which 
for air has the value 53.35 when English units are used. It is 
probable that this equation led to the general assumption just 
quoted. That assumption is purely arbitrary, and is to be justi- 
fied by its results. It may properly be considered to be the first 
general principle of the theory of thermodynamics; the other 
two general principles are the so-called first and second laws of 
thermodynamics, which will be stated and discussed later. 
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Characteristic Equation. — An equation wliicli gives th 
relations of the properties of any substance is called the cliarat 
tcristic e<iuation for that substance. The properties appearin 
in a characteristic equation arc commonly pressure, volunV 
and temperature, but other properties may be used if convenieh 
The form of the equation must be determined from experiment 
either directly or indirectly. 

The characteristic equation for a gas is, as already quoto 

= RT. 

The characteristic equation for an imperfect gas, like supc 
heated steam, is likely to be more complex; for example, l! 
equation given by Knoblauch, Linde, and Klcbc is 

pv = BT — p{i T ap) ~ 

On the other hand, the properties of saturated steam, cspccia 
if mixed with water, cannot be represented by a single oquatic 

Specific Pressure. — The pressure is assumed to be a hydi 
static pressure, such as a fluid exerts on the sides of the CC 
taining vessel or on an immersed body. The pressure 
consequently the pressure exerted by the substance under C( 
sidcration rather than the pressure on that substance. I 
example, in the cylinder of a steam-engine the pressure of ' 
steam is exerted on the piston during the forward stroke a 
docs work on the piston; during the return stroke, when 
steam is expelled from the cylinder, it still exerts pressure 
the piston and abstracts work from it. 

For the purposes of the general theory pressures 
expressed in terms of pounds on the square foot for the Engl 
system of units. In the metric system the pressure is expres 
in terms of kilograms on the square metre, A pressure t 
expressed is called the specific pressure. In engineering prac 
other terms are used, such as pounds on the square inch, inc 
of mercury, millimetres of mercury, atmospheres, or kilogra 
on the square centimetre. 
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Specific Volume* — It k convenient to deal with one unit of 
weight of the substance under discussion, and to consider the 
volume occupied by one pound or one kilogram of the substance; 
this is called the specific voluniej and is expressed i*n cubic feet or 
in cubic metres. The specific volume of air at freezing-point 
and under the normal atmospheric pressure is 12.39 feet; 

the specific volume of saturated steam at 212® F. is 26.6 cubic 

feet; and the specific volume of water is about or nearly 

62.4 

0.016 of a cubic foot. 

Temperature is commonly measured by aid of a mercurial 
thermometer which has for its reference^ points the freezing- 
point and boiling-point of water. A centigrade thermometer 
has the volume of the stem between the reference-points divided 
into one hundred equal parts called degrees. The Fahrenheit 
thermometer differs from the centigrade in having one hundred 
and eighty degrees between the freezing-point and the boiling- 
point, and in having its zero thirty-two degrees below freezing. 

The scale of a mercurial thermometer is entirely arbitrary, 
and its indications depend on the relative expansion of glass and 
mercury. Indications of such thermometers, however carefully 
made, difTcr appreciably, mainly on account of the varying 
nature of the glass. For refined investigations thcrmomclric 
readings arc reduced to the air-thermometer, which has the 
advantage that the expansion of air is so large compared with 
the expansion of glass that the latter has little or no effect. 

It is convenient in making calculations of the properties of 
air to refer temperatures to the absolute zero of the scale of the 
air-thermometer. To get a conception of what is meant by this 
expression we may imagine the air-thcrmomclcr to be made of 
a uniform glass tube with a proper index to show the volume 
of the air. The position of the index may be marked at boiling- 
])oint and at freezing-point as on the mercurial thermometer, 
and the space between may be divided into one hundred parts 
or degrees. If the graduations arc continued to the closed end 
of the lube there will be found to be 273 of them. It will be 
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shown later that there is reason to suppose that the absolute 
zero of temperature is 273*^ centigrade below the freezing-point 
of water. Speculations as to the meaning of absolute zero and 
discussions concerning the nature of substances at that temper- 
ature arc not now profitable. It is sufficient to know that 
equations are simplified and calculations arc facilitated by this 
device. For example, if temperature is reckoned from the 
arbitrary zero of the centigrade thermometer, then the charac- 
teristic equation for a perfect gas becomes 



pv 




in which a is the coefficient of dilatation and — = 273 nearly. 

a 

In order to distinguish the absolute temperature from the 
temperature by the thermometer we shall designate the former 
by T and the latter by I, bearing in mind that 
y = ^ + 273° centigrade, 
y = / -t- 459.5 Fahrenheit. 


Physicists give great weight to the discussion of a scale of 
temperature that can be connected with the fundamental units 
of length and weight like the foot and the pound. Such a scale, 
since it docs not depend on the properties of any substance 
(glass, mercury, or air), is considered to be the absolute scale of 
temperature. The differences between such a scale and tho 
scale of the air-thermometer are very small, and are difficult to 
determine, and for the engineer arc of ivUlc moment. A.I the 
proper place the conception of the absolute scale can be easily 
stated. 

Graphical Representation of the Characteristic Equation.— 
Any equation with three variables may be represented by a 
geometrical surface referred to co-ordinate axes, of which surface 
the variables are the co-ordinates. In the ease of a perfect gas 
which conforms to the equation 

pv = jf?y. 
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the surfdcc is such lhat each section perpendicular to the axis 
of T is a rectangular hyperbola (Fig, i), 

Returning now to the general case, 
it is a[)parcnl that the characlcrislic 
ccpiation of any substance may be repre- 
sented by a geometrical surface referred 
to co-ordinate a,\cs, since the equation Is 
assumed to contain only three variables; 
but the surface will in general be less 
simple in form than that representing the 
combined laws of Hoyle and Gay-Lussac. 

If one of the variables, ns T, is given a special constant value, 
it is equivalent to taking a section perpendicular to the axis of 
T\ and a jdanc curve will he cut from the surface, which may 
l)c conveniciuly projected on the (/», v) plane. The reason for 
choosing the (f), v) plane is lhat the curves correspond with 
iIkwc drawn by the steam-engine indicator. 

Considerable uac is made of such thermal curves in explaining 
llicrmodynamic conceptions. As a rule, a graphical process 
or representation is merely another way of presenting an idea 
that lias been, or may be, presented analytically j there is, how- 
ever, an advantage in representing a condition or a change to 
the eye by a diagram, especially in a discussion which appears 
to he abstract. A number of thermal curves are explained on 


page 1 6. 

Standard Tamporoture. — For many purposes It Is convenient 
to lake the frcc/Jng- point of water for the standard icmpcraliirc, 
since it is one of the reference-points on the Ihcrmometrlc scale; 
this is especially true for air. But the properties of water change 
rapidly at and near frccxing-polnl and are very imperfectly 
known. It has consequently become customary to take da**?, 
for the standard icmpcraturo for the English system of units; 
there Is a convenience in this. Inasmuch ns the pound and yard 
arc atondnrdfi at tluil tcm|K:raiurc, For the metric system G. 
Is used, though the kilogram and metre arc standards at frccxlng- 
poini. 
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thermal units (b. t. u,). A British thermal unit is ti 
required to raise one pound of water from 62° F. to 63' 
like manner a caloric is the heat required to raise one k 
of water from 15*^ C. to 16® C. 

Specific Heat is the number of thermal units required 
a unit of weight of a given substance one degree of tempi 
The specific heat of water at the standard temperatun 
course, unity. 

If the specific heat of a given substance is constant, tl 
heat required to raise one pound through a given range 
perature is the product of the specific heat by the incr 
temperature. Thus if c is the specific heat and t is th 
of temperature the heat required is 

Q c (/ — /,), and c = ■ ^ 

i — 

If the specific heat varies the amount of heat must be oi 
by integration — that is, 


Q = J cdt, 


and conversely 


It is customary to distinguish two specific heats for 
gases; specific heat at constant pressure' and specific I 
constant volume, which may be represented by 


the subscript attached to the parenthesis indicates the pi 
which is constant during the change. It is evident th 
specific heats just expressed are partial differential coefiic 
Latent Heat of Expansion is the amount of heat requ 
increase the volume of a unit of weight of the substance 






■Vr:.. 
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cubic fool, or one cubic mclrc, al constant temperature. It 
may l)c represented by 


I 


^Sti 


Thorntal CapacUioB« — The two specific heats and the latent 
heat of expansion arc known as thermal capacities. It is cus- 
tomary to use llirec oilier proiicrties suggested by those just 
named whicli are represented as follows: 






\ ^l>h 




©,™‘' " 


SvI 


The first rcprcaonls the amount of heal that must be applied 
to one pound of a substance (such us air) to increase the pressure 
by the amount of one pound per square foot at constant tem- 
perature; this jiropcrly is usually negative and represents the 
heal that must be abalracled to prevent the icmpcrattirc from 
rising. 'I’hc other two can be defined in like manner if desired, 
but it is not very important to stale the definitions nor to try to 
gain a conception as to what they mean, as it is easy to express 
(hem in terms of the first three, for which the conceptions arc 
not cllfiicuU. They have no names assigned to them, which is, 
on the whole, fortunate, as, of the first three, two have names that 
have no real significance, and the third is a misnomer. 

Oeneral Equations of the Effects Produced by Heat, — In 
order to be able to compute the amount of heal required to 
produce a change in a substance by aid of the cluiracLcrlsiic 
equation, it is necessary to admit that there is a functional rela- 
tion between the heal aiipUcd and some two of lire properties 
that enter into the characteristic equation. It will appear later 
in connection with the discussion of the first law of thermody- 
namics that an integral equation cannot in general be written 
directly, liut we may write a differential equation In one of the 
tlucc following forms: 


dQ< 


.St- 





if).'"’ + ©Z"’ 


or substituting ior the partial clilTcrenlial cocflicicnts the letters 
which have been selected to represent them, 

dQ = cjl -^rUv 

dQ = c/l + nidp (2) 

dO = ndp + odv (S) 

This matter may perhaps be 
clearer if it is presented graph- 
ically as in Fig. 2, where ab is 
intended to represent the path 
of a point on the characteristic 
surface in consequence of the 
addition of the heat dQ. There 
will in general be a change of 
temperature volume and pres- 
sure as indicated on the figure. 

Now the path ab, which 
for a small change may 
be considered to be a straight 
line, will be projected on 
the three planes at a'b', a"b" and a"'b"'. The projection on the 
(v,T) plane may be resolved into the components By and S/*; 
the first represents a change of volume at constant tcmperaluro 
requiring the heat Idv, and the second represents a change of tem- 
perature at constant volume requiring the heat Conse- 

quently the heat required for the change in terms of the volume 
and temperature is 

dQ = Cfdl -f- idv. 
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Relations of the Thermal Capacities. — The three equations 
(i), (2), and (3), sliow the cliangcs produced by the addition of 
an amount of heat dQ to a unit of weight of a substance, the 
dilTcrence coming from the methods of analyzing the changes. 
Wo may conveniently find the relations of the several thermal 
cajiacities by the method of undetermined coefTicicnls. Thus 
equaling the liglu-hand members of equations (i) and (2), 

c^U -I- Idv Cjfh -|- mdp (4) 

From the characteristic equation we shall have in general 

u « 1 ' ip, T), 

as, for examfdc, for air we liave 

RT 

P 


and conseciucntly we may write 

, ^ i, I ^ ih 

* " -sT" ^ 

which suhsliluled in c(|ualion (4) gives, 

Cjjdl V »ulp c„f// + '\r 

( Sv \ 

C„ H - 1 ^ '§J • 


(5) 


1.1 will be noted that, as T differs from I only by the addition 
of a constant, the dilTcrcntial dl may Ire used in all eases, whether 
we arc dealing with absolute temperatures, or temperatures on 
the ordinary thcvinomclcr. 

In equation (5) p and T arc independent variables, and each 
may have all possible values; consequently we may equate like 
cocfriocnts. 


.. Cp-- c,-v 


. . ( 6 ) 


Also, equating the remaining coeniciLiub, 

i *1- . w ■ . . . . . . (7) 

bp 

If the characteristic equation is solved for the pressure we 
shall have „ s 


SO that 


j> ^ F \ {F , “y), 

, 8/> , 


which substituted in equation (4) gives 

c,dt + m(^dl + ^-^dv)^cJti-ldv. 

(cp + m “) dl + 


Equating like coefficients, 


h ' 


= .... (I' 

From equations (2) and (3) 

Cpdl + mdp =“ «d/> + odv (1 

and from an equation 

T - F, (V, p) 

which latter substituted in equation (ii) gives 

cJj~ dv + c,^ dp +• mdp = ndp + odv. 

^Sv op 


Equating coefficients of dv, 
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iMnally, from cqiuitions (i) and (3)^ 

c^(U -h Idv ^ mlp -h odv (13) 

SubslitminR for dt as above, 

Equating cociricicnls of f/y>, 

» (14) 


For convenience llic several relations of the thermal capacities 
may he assemljled as follows: 




m ^ • (Cj, - • C,,) 

ov 

St 

& 

“ ~ ‘‘tf’ 


lllasa 

,Bv 


They arc llic necessary algebraic relations of the literal fvjiic* 
lions growing out of the first general principle, and are indc* 
pentlent of the scale of temperature, or of any other theoretical 
or experimental ininciplc of Ihernioclynamics other than the one 
already staled — namely, that any two properties of a given 
substance, treated ns independent variables, arc sufificient to 
allow us to calculate any third property. 

f)f the six thermal cajjacities the specific heat at constant 
pressure is the only one that is commonly known by direct 
experiment. For perfect gases this thermal capacity is a con- 
stant, and, further, the ratio of the specific heals 

^ K 
Cv 


is a constant, so that c, is readily calculated. The relation? of 
the thermal capacities allow us to calculate values for iho 


other thermal capacities, /, w, n, and o, provided that wc 
first determine the several partial diderential cocflidcnts w! 
appear in the proper equations. 13ut for a perfect gas 
characteristic equation is 

pv - RT, 

from which wc have 

Sv R _ R ^ 

Bt p ' Bi ^ V ^ 

^ _ V _ P 

Bp^ R^^ By ^ R^ 

Substituting these values in the equations for the tho 
capacities, we have 

f ^ (Cp — c„) ; — ni ^ i<^p^ ^v) i 

V p 

by aid of which the several thermal capacities may be calcul 
numerically, or, what is the usual procedure, may be represe 
in terms of the specific heats* 
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FIRST LAW OF TUKUMODYNAMICS. 

Tire formal slatcmenl of (he firsl law of ihormotlynamics is: 

Heat and tncchankal energy arc mntmlly convertible, and 
heat requires for its production and produces by Us disappearance 
a definite uuinbcr of units of work for each thermal unit. 

This law, wliicli may he consideted to be (he second general 
principle of Ihermodyimmics, is the slalcmenl of a well-dcler- 
ininecl physical ftut, U is a special slalcmenl of Ihc general 
law of the conservation of energy, i.e., that energy may be trans- 
formed from one form to another, hut can neither Ijc crcnlccl 
nor destroyed. Jt .should he slated, liowcver, that tlic general 
law of con.scrvalion of energy, though universally ncccplccl, has 
not been ])roved hy direct experiment in all cnsca; there may he 
cases that are not susccplihlc of so direct a proof as wc have for 
the transformation of heal into work. 

']'hc heal determinations of the mechanical equivalent of heat 
were made hy Rowland, whose work will he considered in detail 
in connection with the proirerlics of steam and water. From 
his work it appears that 778 fool-i)ounds of work arc required to 
raise one pound of water from Os^ to <53® Fahrenheit; this value 
of the mechanical ecptivalent of heal is now commonly nccci)tcd 
hy engineers, and is verified liy the latest determinations by 
Joule and other experimenters. 

The values of the mechanical equivalent of hcnl tor the Eng- 
lish system and for the metric system arc: 

I ])« T* U< ^ 778 foot-pounds. 

1 caloric .126.9 mctrc-kilograms. 

This jihysical constant is commonly represented by the lellcr 
/; the reciprocal Is represented by /I. 




monly quoted as 772 for the English system and 424 for the 
metric system. The error of these values is about one per cent. 

Effects of the Transfer of Heat. — Let a quantity of any sub- 
stance of which the weight is one unit — i.c., one pound or one 
kilogram — receive a quantity of heat dQ. It will, in general, 
experience three changes, each requiring an expenditure of 
energy. They are: (i) The temperature will be raised, and, 
according to the theory that sensible heat is due to the vibra- 
tions of the particles of the body, the kinetic energy will be 
increased. Let dS represent this change of sensible heat or 
vibration work expressed in units of work. (2) The mean 
positions of the particles will be changed; in general the body* 
will expand. Let dl represent the units of work required for 
this change of internal potential energy, or work of disgregation. 
(3) The expansion indicated in (2) is generally against an exter- 
nal pressure, and to overcome the same — that is, for the change 
in external potential energy — there will be required the work 
dW. 

If during the transmission no heat is lost, and if no heat is 
transformed into other forms of energy, such as sound, electricity, 
etc., then the first law of thermodynamics gives 

dQ ^ A{dS dl + dW) (15) 

It is to be understood that any or all of the terms of the equa- 
tion may become zero or may be negative. If all the terms 
become negative heat is withdrawn instead of added, and dQ is 
negative. It is not easy to distinguish between the vibration 
work and the disgregation work, and for many purposes it is 
unnecessary; consequently they arc treated together under the 
name of intrinsic energy, and we have 


dQ - A{dS + rf/ + dW) = A{dE + dW) 


(16) 




' > V 


• j 




The inner work, or intriifsic energy, depends on the state of 
the body, and not at all on the manner by which it arrived at 



cncc to a given plane consisting of kinetic energy and potential 
energy) depends on the velocity of itie body and the height 
above the plane, and not on the i)revioiis history of the body. 

The external work is assumed to be clone by a fluid-pres- 
sure; conscciuently 

iiW “ pdv (*7) 

W^JJ’pdv (18) 

where Vj and w, arc the final and initial volumes. 

In order to find the value of the integral v in equation (18) it 
is necessary to know the manner in which the pressure varies 
with the volume. Since the i)rcssiirc may vary in different ways, 
the external work cannot be determined from the initial and 
final .slates of the body; consequently the heat required to effect 
a change from one stale to another depends on the manner in 
which the change is effected. 

Assuming the law of the variation of llic pressure and volume 
to be known, wc may integrate thus: 

• ■ • • (tq) 

In order to dclcrminc E for any slate of a body it would be 
necessary to deprive it entirely of vibration and clisgregation 
energy, which would of course involve reducing it to a stale oi 
ahsoliilc cold; consccpicntly the direct dclcrminalion is impossi- 
ble. However, in all our work the substances oixsralccl on arc 
changed from one slate to another, and in each stale the intrinsic 
energy depends on the slate only; consequently the change of 
intrinsic energy may be determined from the initial and final 
states only, without knowing the manner of change from one to 
the other. 

In general, equations will be arranged to involve differences 


vibration and disgrcgation work avoided. 

Thermal Lines. — The external work can be determined only 
when the relations of p and v arc known, or, in general, when 
the characteristic equation is known. It has already been 
shown that in such case the equation may be represented by a 
geometrical surface, on which so-called thermal lines can bo 
drawn representing the properties of the substance under con* 
sideration. These lines arc commonly projected on the {p, v) 
plane. It is convenient in many eases to find the relation of p 
and V under a given condition and represent it by a curve drawn 
directly on the (p^ v) plane. 

Lines of Equal Pressure. — The change of 

( •"oj condition takes place at constant pressure, and 

consists of a change of volume, as represented in 
Fig. 3. The tracing-point moves from to a,, 
o V and the volume changes from Vi to The 

Fir.. 3. * work done is represented by the rectangular area 

under or by 


dv = p{V2 — -^i) « . . » (^o) 


During the change the temperature may or may not change; 
the diagram shows nothing concerning it. 

Lines of Equal Volume. — The pressure in- 
creases at constant volume, and the tracing-point p 
moves from to Oj. The temperature usually p' 

increases meanwhile. Since dv is zero, a. 


° 


Isothermal Lines, or Lines of Equal Temperature. — The 
temperature remains constant, and a line is drawn, usually 
convex, toward the axis OV. The pressure of a mixture of a 





iicpiKi lUKi Its vapor is consuint lor a given icmpcraiurc; con- 
sccpicntly the isolhcrmal lor such a mixliirc Is a line of equal 
jircssurc, rcjircsenlcd by Fig. 3. The iso- 
thermal of a porfocl gas, on the other hand, Is 
an cqiiilalcral hyperbola, as a])pcars from llic 
law of Boyle, which may be written 

i>v ~ C. 

laodynamic or Isoenergic Lines arc lines representing changes 
(luring which Ihc intrinsic energy remains constant. Conse- 
(juenlly all the heat received is transformerd into external work. 
It will be seen later that the isodynainic and isothermal lines 
for a gas are the same. 

Adiabatic Lines. — A very imjiorlaiU jiroblcm in thermo- 
dynamics is to determine the liehavior of a siihslance wlien a 
change of condition takes place in a non-conducting vessel. 
During llic change — for example, an increase of volume or 
expansion — some of the heat in the sulislance may he changed 
into work; but no heat is transferred to or from the substance 
tlirougli the walls of the containing vessel. Such changes arc 
called (tdiahalic changes. 

Very rajiid changes of dry air in the cylinder of an air-com- 
Iiressor or a compressed-air engine are very nearly adiabatic. 
Adiabatic changes never occur in the cylinder of a stcipn-cnginc 
on account of the raiiidity with which steam is condensed on or 
vaporized from tlic cast-iron walls of the cylinder. 

Since there is no transmission of heat to (or from) the working 
fiubslancc, ccjuaiion (19) becomes 

Q =«> A(Eji ~ -(• I p(lv) . . • • (32) 

i/Vt 

E, — E, pdv (33) 



that Is, the external work is done wholly at the expense of llic 
intrinsic energy of llic working substance, as must l>c the case 
in conformity with the assumiilion of an adiabatic change, 



KeJanon of Adiabatic and Isothermal Lines. — /vn important 
property of adiabatic lines can be shown to advantage at this 

pJacc, namely, that such a lino 
is steeper than an isothermal 
line on the {p, v) plane where 
they cross, as represented In 
Fig. 6. The c.ssential feature of 
adiabatic expansion is that no 
heat is supplied and that conse- 
quently tlie external work of 
expansion is done at the expense 
of the intrinsic energy which 
consequently decreases. The 
intrinsic energy is the sum of 
k,o. 4 . ll’C vibration energy and the 

disgregation energy, both of 
w iich m general decrease during an adiabatic expansion; in partic- 
ular the decrease of vibration energy means a loss of Icmpcraluro, 
Conversely an adiabatic compression is accompanied by an in- 
crease of temperature. If an isothermal compression is repre- 
sented by ci, then an adiabatic compression will be rcprcscnietl 
y a steeper line like ca, crossing (he constant pressure line l/a to 
the right of l>, and thus indicating that at that pressure there Ja 
a greater volume, as must be the ease for a body which expands 
during a rise of temperature at constant pressure. 

It is very instructive to note the relation of these lines on the 
surface which represents the characteristic equation for a perfect 
gas. In Fig. 6, which is an isometric projection, the general 
form of the surfoce can be recognized from the following condi- 
tions:— a horizontal section representing constant pressure 
cuts the surface in a straight line which indicates that the volume 
increases proportionally to the absolute temperature, and this 
line is projected as a horizontal line on the (p, v) plane; a vertical 
section parallel to the (p, /) plane shows that the pressure in 
this case increases as the absolute temperature, and the line of 
intersection with the .surface is projected as a vertical line on the 






(/;, v) ijlanc; finally vertical scclions parallel to the (/>, v) plane 
arc rcclaiiirular hyperbola' which arc jjrojcctcrl in their true 
form on the (/», v) ])lanc. If AC is an adiabatic curve on tlio 
characteristic stirfacc, its loss of tompcratuic is properly repre- 
sented by the fact that it crosses a series of isothcrnmls in passing 
from A to C‘, A B is a line of constant pressure showing a decrease 
of temperature between (he isothecmals through A and tlirougli 
C; finally the itrojcclion of /17JC on to the (/», v) plane shows lhat 
the adiabatic line ac is sleeper than the isothermal line be. 
Attention shotild be called to the fact that the first stutcmcnl 
of this relation is the more general as it holds for all substances 
that exjiand with rise of Icmpcraluro at constant pressure what- 
ever may be ibe form of llic cliaraclcristic ef|ualion. 

Thermal Linos and their Projections. — - The irealment given 
of thermal lines is l)clicvcd to l)e the simplest and to present 
l))c fcnliircs that arc most useful in i)rncticc. There is, liow- 
cver, both interest and instruction in considering their relation 
in space and tlieir projections on the three thermal pianos. Jt 
is well to look ttllcnlively at Fig. 6, which is a correct bsomciric 
projection of the ehuraclerislic surface of a gas following the 
law of Hoyle and Gay-Lussac, noting that every section by a 
plane iiarallcl to the {f>, v) plane is 
a rectangular hyperbola which has 
the same form in space and wlien 
projected on the (/», v) plane. The 
sections by a plane parallel to the 
(/;, {) jjlanc arc straight lines and arc 
of course projected as straight lines 
on that plane and on the (/», v) plane; 
in like manner the scclions by planes 
]miallcl to the (/, v) plane arc slraiglit 
lines. The adiabatic line in space 
and as projected on the {/», v) {jlanc is probably drawn a little 
loo sleep, but the divergence from truth is not evident to the eye. 

In Fig. 7 the same method of projection is used, but other 
lines arc added together with their projections on the several 
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isothermal which is projected as a rcclanguUir hyperbol 
on the (py v) plane, and as straight lines and 
the (pf t) and (/, v) plane. The adiabatic line ac is s 
than the isothermal, both in space and on the (/?, v) pla 
already explained; it is projected as a curve (a"c"' or 
the other planes. The section showing constant prcssi 
represented in space by the straight line ae whicli project 
the (py 0 plane is parallel to the axis oiy and on the 
plane is parallel to the line itself in space; on the (/?, v) plan 
horizontal, as shown in Fig. 3. In much the same way ad 
section by a plane parallel to the (I, v) plane, and a'd'y 
and arc its projections. 

Graphical Representations of Change of Intrinsic Enerj 
Professor Rankinc first used a graphical method of represe 
a change of intrinsic energy, employing adiabatic lines on 
follows : 

Suppose that a substance is originally in the state A (Fij 
and that it expands adiabalically; then the external work is 
• at the expense of the intrinsic energy; hence if the expa 
has proceeded lo the area AA^a^ay which represent* 
external work, also represents the change of intrinsic cn 
Suppose that the expansion were to continue indefinitely; 
p the adiabatic will approach the axis 

indefinitely, and the area representing 
work will be included between the curv( 
produced indefinitely, the ordinate /la, 
0 ^ ^ represent al 

ha a. work that can be obtained by the cxpai 
of the substance; and if it be admitted 
during the expansion all the intrinsic energy is transfoi 
into work, so that ut the end the intrinsic energy is zero, it 
resents also the intrinsic energy. In cases for which the c 
tion of the aaiabalic can be found it is easy to show that 
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is a finilc quaniiiy; and in any case, if \vc admil an absolute zeio 
of U‘ni|)eraliirc, it is evident that the intrinsic energy cannot 
);c in/initc. On llie other hand, if an isolhennal curve were 
treated in the same way the area would be infinite, since l>eat 
would be conlimially added during the expansion. 

Now sujjpose the l)ody to i)ass from the condition represented 
by A to that represented by B, by any path whatever — that is, 
by any succc.ssion of changes whatever — for example, that 
rc])rescnled by the irregular curve AB. Tlie intrinsic energy 
in the slate B is represented by the area Vl>B/i. The change of 
intrinsic energy is represented by the area flBlir/Aa, and tins 
area does not depend on the form of the curve AB, This gra|)h- 
icnl jwoccss is only another way of .saying that llte intrinsic 
energy depends on the slate of llie sul)Slance only, and that 
change of intrinsic energy dejionds on the final and initial stales 
only. 

Anollier way of rcprc.scnling change of intrinsic ciwgy by 
aid of isotlynamic lines avoids an infinite diagram, Sujjposo 
tlic change of slate to he represented by the 
curve AB (Kig. 9 ). Draw an isodynamic 
line AC lluough the point A, and an adiu* 

Italic line BC through 71, inlensccling at C; 
in general the i.socnergic line is distinct 
from the isolhcrnial line; for example, the 
isolltcrnml line for a snUiralcd vajior is a 
straight line parallel to the OV axis, and 
the isocnergic line is represented approxinialoly liy the equation 

j/u '•«">« const. 

Then the area Ahba represents the external work, and llic area 
WlCcrcprcscms the change of intiinsic energy; for if the body be 
allowed to expand adinbnlically till the intrinsic energy is reduced 
to il.s original amount at tltc condition rcj;rcscnlcd by A the 
external work bBCc will be done at the expense of the intrinsic 



CHAPTER nr. 

SECOND LAW OF THEHMODYNAJfrCS. 

Heat engines are engines by which heat is transformed into 
wor . actual engines used as motors go througli continuous 
cydes of operations, which periodically return things to tho 
original conclitions. Ail heat-engines arc similar in (lint they 
receive cat from some source, transform part of it into work, 
and deliver the remainder (minus certain losses) to a refrigerator. 

The source and refrigerator of a condensing steam-engine arc 
he furnace and the condenser. The boilci is propoHy com 

'cZnok^inllf and receives heat front the source. 

cne-inc fir i *i / convenient to discuss a simple ideal 
engine, first described by Carnot. * 

IS, «h,cl. B lilted a abo „„„.co„d„etj„g 

U anti moving without friction; on tho 

a other hand, the bottom of the cylinder 

supposed to be of a material that is 

, , conductor. There is a non- 

■ - - rn "o^ucting stand C on whicli the 

F.O, cylinder can be placed while adiabatic 

heat A at a temperature Tf" of 

that in operations dulling whlhTr''''.. "^‘^‘‘'‘ttincd 

and draws heat from it the ^^hnder is placed on It, 

draw heat from the cylinder when 

constant temperature ^ ^ P on it, at a 

- PO-O Of a 

-ce oi ,ea.. rbee 









(Fig. To)^ and lei: the substance expand at the constant tem- 
perature receiving heat from the source A. 

If the first condition of the substance be 
represented by A (Fig. ii), then the second 
ml\ be represented by B, and AB will be an 
isothermal. If and are the intrinsic 
energies at A and B, and if Wabt represented 
by the area aABbj be the external work, the 
heat received from A will be 

Q^A ( 25 ) 

Now place the cylinder on the stand C (Fig. 10), and let 
the substance expand adiabatically until the temperature is 
reduced to that of the refrigerator, the change being rep- 
resented by the adiabatic BC (Fig. n). If isjs the intrinsic 
energy at C, then, since no heat passes into or out of the 
cylinder, 

o = ^ (Ec — ^6 + (26) 

where \Vu is the external work represented by the area bBCc, 
Place the cylinder .on the refrigerator B, and compress the sub- 
stance till it passes through the change represented by 
yielding heat to the refrigerator so that the temperature remains 
constant. If Ed is the intrinsic energy at Z), then 

-g, = /I {E,^E,-^W^) .... (27) 

is the heat yielded to the refrigerator, and Wedt represented by 
the area cCDd^ is the external work, which has a minus sign, 
since it is done on the substance. 

The point D is determined by drawing an adiabatic from A 
to intersect an isothermal through C. The process is completed 
by compressing the substance while the cylinder is on (he stand 
C (Fig. 10) till the temperature rises to /, the change being 
represented by the adiabatic DA. Since there is no transfer 
of heat, 

A (Ea - Ed -Wda) (28) 




Adding together the several equations, member to member, 

Q - 0, = /I + Wu - - IK,„) . . (39) 

or, if W be the resulting work represented by the area ABCD, 
then 

Q~Q,^AW ( 30 ) 

that is, the difference between the heat received and the heat 
delivered to the refrigerator is the heat transformed into work. 

A Reversible Engine is one that may run either in the usual 
manner, transforming heat into work, or reversed, describing 
the same cycle in the opposite direction, and transforming work 
into heat. 

A Reversible Cycle is tlic cycle of a reversible engine. 

Carnot’s engine is reversible, the reversed cycle being 
ADCBA (Fig. II ), during which work is done by the engino 
on the working substance. The engine then draws from iho 
refrigerator a certain quantity of heat, it transforms a certain 
quantity of work into heat, and delivers the sum of both to the 
source of heat. 

No actual heat-engine is reversible in the sense just staled, 
for when the order of operations can be reversed, changing the 
engine from a motor into a pump or compressor, the reversed 
cycle differs from the direct cycle. For example, the valvO' 
gear of a locomotive may be reversed while tlic train is running, 
and then the cylinders will draw gases from the smokc-box, 
compress them, and force them into the boiler. The locomotive 
as ordinarily built is seldom reversed in this way, as the hot 
gases from the smokc-box injure the surfaces of the valves and 
cylinders. Some locomotives have been arranged so that the 
exhaust-noz^lcs can be shut off and steam and water supplied 
to the exhaust-pipe, thus avoiding the damage from hot gases 
when the engine is reversed in this way. Such an engine may 
'then have a reversed cycle, drawing steam into' the cylinders, 
compressing and forcing it into the boiler; but in any case tho 


reversed cycle differs from the direct cycle, and the engine is 
not projjerly a reversible engine. 

A Closed Cycle is any cycle in which the final .stale is the same 
as the initial slate. Fig. 12 represents such a 
cycle made up of four curves of any nature 
whatever, If the four curves arc of two sjK’cies 
only, as in the diagram rcprc-scnting the cycle 
of Cfirnol’s engine, the cycle is said to be simple. 

In general we .shall have for a cycle like that of Fig. 12, 
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A cIdsccI curve ot uuy form may be consicl- 
crcf) lo be ihc gcjieral form of a closed cycle, 
as lhal in Kig. 13* For such a cycle we have 


J liQ A J dW, which is one more way of 


slating the first law of lhermod3’namics, 

Tt may make this last clearer lo consider the cycle of I'ig. 14 
comi)osc(l of the isolhermnis Ali, CD, and MG, and the 
adiabalics liC, J)Ji, and GA. The cycle 
may bo divided by drawing the curve 
through from C lo M. It is indifferent 
whether the iiath followed he AJiCDJiGA 
or A BCFC DUG A, or, ap,n\n, AliCFGA -h 
CDEFC. 

Again, an irregular figure may he 
imagined to be cut into elementary areas by Isolhcrmals and 
adiabatic lines, ns in l■’ig. 75. The summation of the areas will 
give the entire area, and the summation of the works represented 
l)y these will give the entire work represented by the entire area. 

The Efficiency of an engine is the ratio of the heal changed 
into work to the entire heal applied; so that if it be represented 
by c, 
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lor tlic heat Q' rejected to the refrigerator is wliat is left ftf tOt 
AJV thermal units have been changed into work. ’ 

p Carnot’s Principle. ~ It was first point< 2 <l 

# out by Carnot that the efficiency of 
reversible engine docs not depend bn 
nature of the working substance, but 
it depends on the temperatures of tli<? 

o V source of licat and tlie refrigerator. 

Ki(!. u. Let us sec what would be the conSC’* 

, qucncc if this principle wore not trtlC* 

Suppose there arc two reversible engines 7 ? and A, each lakin^f 
Q thermal units per second from the source of heat, of wlitcll 
A is the more efficient, so that 


is larger than 


. ( 3 *) 


( 33 ) 

this can happen only because Q/ is less than Q/, for Q is assumed 
to be the same for each engine. Let the engine Jt be reversed 
and coupled to A, which can run it and still have left the useful 
work Wa — Wf. This useful work cannot come from tho 
source of heat, for the engine R when reversed gives to the sourCQ 
Q thermal units per second, and A lakes the same amount in LHc 3 
same time. It must be assumed to come from the refrlgcratari 
which receives Qa' thermal units per second, and gives up Q/ 
thermal units per second, so that it loses 

Qr' -Qa'-- A (Wa ~ Wr) 

thermal units per second. This equation may be derived from 
equations (32) and (33) by subtraction. 

Now it cannot be proved by direct experiment that such tt. n 
action as that just described is impossible. Again, the first law 
of thermodynamics is scrupulously regarded, and there Is no 
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contriicliclion or formal absurdity of statement. And yet wlicn 
tlie consequences of the negation of Carnot’s principles are 
clearly set forth they arc naturally rejected as improbable, if not 
impossible. The justification of the principle is found in the 
fact that theoretical deductions from it arc confirmed by 
c,\i)erimcnts. 

Second Law of Thermodynamics. — The formal statement 
of Carnot’s principle is known as the second law of thcrmocly- 
namic.s. Various forms arc given by cliffercnt invcsligalons, 
none of wliicli arc entirely satisfactory, for the conception is not 
simple, ns is that of the first law. 

7 'he following arc .some of the .slatemcnls of the .second l<tw; 

(t) AU I'cvcrsiblc citi>iHes H)orki}if[ hciween the same source of 
heat and refrigerator have the same efficiency, 

(2) 'J'iu! efficiency of a reversible engine is hidepciideiit of the 
working substance. 

(3) A self-acting machine cannot convey heal from one body 
to another at a higher temperature. 

Tlic second law is the third general principle of thermody- 
namics; it dilTcrs from each of the others and is independent 
of them. Summing up briefly, the first general principle is a 
pure assumption that thermodynamic equations may contain 
only two indopcnde'nt variables; the .second is the statement of 
an experimental fact; the third is a choice of one of two 
propositions of a dilemma. The first and third arc justified 
i)y the results of the applications of the theory of Ihcrmo- 
clynamics. 

So far as cfilciency is concerned, the second law of thermo- 
dynamfes shows that it would be a matter of indifTercncc what 
working substance should be chosen; we might use air or steam 
in the same engine and get the .same clTicicncy from either; 
there would, however, be a great difference in the jtower ilmt 
would be obtained. In order to obtain a diagram of convenient 
size and cllslinctncss, the adiabatics arc made much slcci)cr than 
the isolhermals in Fig. 1 1; as a matter of fact the diagram drawn 
correctly is so long and attenuated that it would be practically 
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worthless even if it could be obtained with rcnsonable i 
mation in practice, as the work of the cycle would hard 
come the friction of (he engine. The isothermals for a 
of water and steam arc horizontal, and the diagram ta 
form shown by Fig. i6. In practice 
gram closely resembling Carnot’s c 
chosen as the ideal, differing mainly 
steam is assumed to be supplied a 
hausted. In a particular case an 
working between the temperatures 36 
and 158° F. had an actual thermal ciricicncy of o. 
ideal cycle had an cfltciency of 0.23, and Carnot’s cy 
an efficiency of 0.25. The ratio of 0.18 to 0.23 is aboi 
which compares favorably with the efficiency of turbine 
wheels. 

Carnot’s Function. — Carnot’s principle asserts th 
efficiency of a reversible engine is independent of the na 
the not king substance j consequently the cxpi'cssion 1 
efficiency will not include such properties of the woikir 
stance as specific volume and specific pressure. But ih 
ciplo asserts also that the efficiency depends on the Icmpc 
of the source of heat and the refrigerator, which indeed 
only properties of the source and refrigerator that can 
the working of the engine. 

We may then represent the efficiency as a function of tl 
pecatures of the source of heat and the refrigerator, or 
amounts to the same thing, as a function of the supcric 
perature and the difference of the temperatures, and ma' 
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where Q is the heat received, Q' the heat rejected, and / 
are the temperatures of the source of heat and of the refrq 
on any scale whatsoever, absolute or relative. 

,If the temperature of the refrigerator approaches near j 
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tlic source of hc’di Q — Q' and / — /' become AQ and A;, and at 
the limit <IQ and d/, so Limt 

i‘ 0 ,m C34) 

It is convenient to assume that the e(|uation can be expressed 
in the form 

The function / (/) is known as Carnot’s function, and physi- 
cists consider that the isolation of this function and the relation 
of the function to It'inpcraturu arc of preal theoretical importance. 

Absolute Scale of Temperature. — It is convenient and cus- 
tomary to assiffii to Carnot’s function the fortii", wliore 7 ’ is 

the icmpcivuuro by tho alwoliitc .scale referred to on page 3, 
measured from the absolute zero of temperature, ’.rhis assump- 
tion Ls jnslificd by the facts that the theory of thermodynamics 
is nuicli .simplirtcrl thereby, and ll»at llie clifrcrencc between 
such a scalp of leinperalurc luul the scale of the air-lhcrmomctcr 
is very small. 

Kelvin’s Graphical Method. — This treatment of Cnrnot’.s 
function was first jiroposcd by T.ord Kelvin, who illustrated the 
general conception by the following graphical construction: 

fn Idg. 17 let ak and bi he two adialnitic line.s, and let iJic 
suhstance have its condition 
represented by the point a. 

'I'hroiigh a and d draw i.so- 
thermal lines; then the diagram 
abed represents the cycle of « 
alm(jlc reversible engine. Draw 
the isothermal line /e, so that 
the area deef shtdl be cfiual to 
(ibedi then tlie' diagram (ke/ 
represents the cycle of u reversible engine, doing the same 
amount of work jicr stroke ns that engine whose cycle is repre- 
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from the source and delivered to the refrigerator — i.c., the heal 
transformc<l into work — is the same. The rcfrigcralor of the 
first engine might serve for the source of heat for the second. 

Suppose that a series of equal areas arc cut ofT l)y isothermal 
lines, as fegh, hgik^ etc., and suppose llicrc arc a .series of reversible 
engines corresponding; (hen there will be a series of sources of 
heat of determinate temperatures, which may be chosen to 
establish a thcrmomctric .scale. In order to have the .scale cor- 
rc.spond with those of ordinary thermometers, one of the sources 
of heat must be at the tcmpcratiifc of boiling water, and one at 
that of melting ice; and for the centigrade scale lliorc will be one 
hundred, and for the Fahrenheit scale one hundred and eighty, 
such cycles, with the appropriate sources oChcal, between boiling- 
point and freezing-point. To establish the absolute zero of llic 
scale the series must be imagined to be continued till the area 
included between an isothermal and the two ad iabalics, continued 
indcfinitclj', shall not be greater than one of the equal areas. 

This conception of the absolute zero 
may be made clearer by taking wide 
intervals of temperature, as on Fig. 
i 8 , where the cycle abed Is assumed 
to extend Ijctwccn the isothcrmals of 
o° and ioo° C. ; that is, from freez- 
ing-point to boiling-point. The 
nc.\t cycle, edef, extends — loo® C., 
and the third cycle, efgh^ extends 
to ~ 200° C. The remaining area, 
which is of infinite length and ex- 
tremely attenuated, is bounded by the 
isothermal gh and the two adiabalics 
ha and g/?. The diagram of cour.se 
cannot be completed, and conse- 
quently the area cannot bo measured j 
but when the equations to the isothermal and the adiabatlcs 
are known it can be computed. So computed, the area is found 



to lx“ - of one of the three c(|Ual areas abed, cdfe, and 
too 

'I'lic ahsolute zero is consc((UCiilly 273° C. below frcczing-])oinl. 
InirlluT discussion of ihe absohilc scale will be deferred till 
a comiiarison is made with lire air-ihenuoineter. 

Spacing of Adlabatlcs. — Kelvin’s grupliical scale of lempcr- 
alure is clearly a nielhod of spacing isolhermals which depends 
only on mir conccpvions of thermodynamics and on the funda- 
mental units of weight and length. lOvKlently tlte same inelhoci 
may be apidied In spacing adiabatics, and ibeveby a new concep- 
tion of great iiniiorlance may be introduced inU> Ihe theory of 
ihevmodyuainics. On this conceiilion is based the method for 
solving problems involving adiabatic e.xiJansioir of steam, as 
will be explained iit the discussion of that subject. 

In I'ig. i() let an and do p 
be two isolhermuls, and let 
ad, be, hu and no be a scries ,, 

of adiabatics, .so drawn that V 

the areas of the figure.s abed, ^ 

Id me, and hiom are equal; 
then we have 11 series of 
adiabatics that are spaced in ' 

the same manner as are the 

isolhcrmals in Kigs. 17 find 

18, and, as willi those iso- 

thermals, the spacing depends only on our conceplioii.s of ther- 
modynamics and the fiindamentul unit.s of weight and length. 

In the discussion of h'igs. 17 and t8 it was shown that the area 
of the strip betweejt the initial isothermal ah and the two adiabatic 
lines must be treated tia finite, and that in conHCt|ucncc the 
graphical process leads to an ab.solule zero of icmpcniture. (hi 
the conirar}', the area Ijetween the acllabalic ad and the two 
isolhermiils an and do if c.xiende(l infinitely will bo infinite, and 
it will be found that lltcrc is no limit to the number of ticlia- 
balics lltai can Ire drawn wiilt the spacing indicated. A like 
result will follovv if the isolhcrmals arc extended to the right and 
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upward, ami if atJiabalics arc spacud olT in ihc same manaor* 

This conclusion comes from llie fad p()inle<l oul on ])age 
that the area under an isolliermal curve which is extended wlUi- 
oul limit is infinite, Iwcausc heat is continuously supplied, sam 
jjart of which can Ijc changer! into work. 

Jl is convenient to introduce a new function nf thfe 
place which shall express the spacing of adiabalica fti 
represented in Fig. 19, ami which will bo called cnlrojqf^ I 

From wliat precedes it is evident timt entropy has ihci \ 

same rclaliom to live arliabntics of ]-’ig. 19 that Icmpcralui® 1 

has to the isolhcrinals of Figs. 17 ami 18, hut that there is Ihti 1 

radical dilTerencc, that while there is a natural absolute zero i 
icmpcratiirc, there is no zero of entropy. Consetpiently in protr- 
lems we shall always deal with rli/TcrenccK of entropy, and If ws ! 
find it convenient to treat the cntrojiy of a certain condition of ft 
given substance ns a zero point it is only that we may count up 
and down from that point. 

If the acliulwtic line ad in Fig. 19 should Itc extended to ih*? ] 
right, it would clearly lie beneath the juliabalic )io, which ! 

with the tacit convention of that figure, i.e., that as spaced lh<# 1 

adiabalica arc to 1)C numbcretl toward the right and that tlws 
entropy increases from « toward h. 

The simplc-sl and the most nalurnl definition of entropy from ; 
the jtrcsenl considerations, is that enlrojty is that function which 
remains constant for any change represented by a reversiW*? 
adiabatic expansion (or compression). With Ibis dcrmlllati in j 
view, the adiabatic lines might be called isoentropic Una. Il I 
should be borne In mind that our prt\senl di.scu.ssion is purpo^Ijr 
limited to expansion in a non-conducting cylinder closed by m 
piston, or to like operations. More complex oi)Cvntion8 ibdtt 
tiiat' just mentioned may require an extension of the conecpiltsii 
of entropy and lead to fuller definitions. Such extensions of the 
conception of cntro])y have been found very fruitful in ccrluin 
physical investigations, and many writers on thcrmodynamtoi 
for engineers consider that they get like advantages from thent. 
There is, however, an advantage in limiting llie conception «f n ; 
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nc«' function, hou’crcr simple that conce[)ti<>n may be; anri (Iierc 
is nn adctecl advnulagc in being able to return to a simple eon- 
cu]>lion at will. 

Efficiency of Reversible Engines. — Reluming to equation 
( 3 /t) ujid replacing Carnot’s function / (/) ljy a.s agreed, wo 

Itavc for llie differential cejuation of the cfliciency of a reversible 
engine 

tIO <tl 
Q T 


or, integrating between limits, 

O' 7'' 

’ log,™. 

. ii'... X', 

•• (; :/■' 

ancl the ofiicicncy for llte cycle becomes 

0 - Q' r~ r 
Q r ■ 


(.^5) 


'I'ljj.s rc.sult might Itare been ol>tuincd before (or wiihout) the 
discussion of Kelvin’s graphical juelhod, and leads to the same 
coneliKsion, that the absolute lem))t'nilurt! can be made to de))cnd 
on the ciTiciency of Carnot’s cycle, ami may, therebire, be indc- 
penclcnl of any ihcrmomeirie Rtibsiance. 

As has already been said, this conceiilinn 
is more inii)orlant on the [)hy.sical side 
than on the engineering .side, and its reit- 
eration need not be considered to call for 
any speculation by the .student alibis time. 

Graphical Representation of Efficiency. 

— f.ct Idg. 20 rt‘j)rc.scnl the cycle of 
a reversible heat-engine. Eor convenience 
it is siqtposed there are four degrees of icrnperaluro from the 
isoihcrmnl /1J3 to the isotlicrmal DC, and that there are three 
Intervals or units of entropy between the adial)alic 8 AD and 
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BC. First it will be shown that all the .small areas intc» 
the cycle is divided by drawing llie iiUervening udinbiiti*'’^ 
isolhcrmals arc equal. Thus we have lo begin with a ^ ® 
o = c by conslruclion. Hut enginc.s working on Ihc 
and b have the same elTiciency and reject ihc same 
of heat. These heals rejected are cf|ual to the bents isappl 
to engines working on the tyclc-s c and (/, which consc^’^l t**'* 
take in the same amounts of heal. Hut these engine-^ ^ 
between the same limits of temperature and have afsH 

cfiicicncy, and consequently change the same unuuinl ^ 

into work. Therefore the areas c and </ are e(|vial. I** ■ 
manner all the .small arena are c<|ual, and each rejire*»tr« 9 ^ 
thermal unit, or 778 foot-pounds of work. 

It is evident that the heal changed into work i.s rej»rr?«r-nl«!*l 

(T~ T) {<y -<!,), 

and, further, that the .same e.xpression would be obtain t-'cl f< 
similar diagram, whatever nttmbcr of degrees there 
between the i.solhermals, or intervals of entropy brtwe*'!! 
ndiabatics, and that it fs not invalidated by using fmc:al«»eii 
degrees and fractions of units of entropy. It is 
thc‘ general expression for the heat changed into work 
engine having a reversible cycle. 

It is clear that the work done on such a cycle increii¥Mt.r!Sk sjtii 
lower temperature T decreases, and that it is a mn.vlmiui(rw 
T' becomes zero, for which condition all of the hciu applla 
changed into work. Therefore the heat applied ia rpwr«r*«q 

by 

Q T (<{,' ^ 

and the cfTicicncy of the engine working on Ihc cycle 
by Fig. 20 is 

'M „ ,, (T ~r )(<!>' -<h) T - 

Q Q T (<// - ./>) T ’ 

as found by equation (35). The deduction of this cquwdicsij 
integration is more simple and direct, but the graphicsal 
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is intcTcstinR and may giv<j Ihc sdicicnl acldiiiotuil Iigl»t on (his 
RLibjocl. 

Temperature-Entropy Diagram. ~ T'hermal diagranis aro com- 
monly drawn wkii la'cssiirc and volume for. (he co-ordinates, 
but for some jairposes it is convenienl lo use other properties 
as co-ordinates, in particular temperature and entropy. For 
cxamitlc, Fig. 21 represents Carnot’s cycle 
drawn witli entropies tor aitscissic and tem- 
peratures for ordinates, with tlic advantage 
liiat indefinite extensioirs of the lines are 
avoided, and llie areas tinder consideration 
are evidently linile and measurable. With 
the execjilion that there apiicars now to be no 
nccessilv lo show that Ihe areas obtained 




T' 


|C 


)>' subdivision are all 
cfiiial, the discussion for l*'ig. 20 drawn with pressures and vol- 
umes may lie repeated with temperatures and entropies. 

Expression for Entropy. — One advantage of using the tem- 
pera Uire-enlropy diagram is that it leacla at once lo a method 
for computing changes of entropy. Thus in Fig. 2a let AJi 
represent an isothermal change, and let Aa 
and Jib be adiabaiics drawn lo the axis of </j; 
then the diagram Aliba may lie considered lo 
be the cycle for a Carnot's engine working 
between the icmperalure T and the ahsoliitc 


•/ 


I'lU, JJ. 


xero, and consct|uen(iy having the efficiency 


unity. The heal cliangcd into work may there- 
fore be represented by 

(36) 

If wc arc dealing with a change under any other condition 
than constant icmperalure, wc may for an infinitesimal change, 
write the expression 

( 1 ^ (37) 

and for the entire change may express the change of entropy by 
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which hIuuiUI for any ])arlicular case eilhcr be intcgralcd 
between limits or else a constant of integration shoiilcl be 
clctcrmined. 

Attention shoiikl he called to the fact that the conception of 
the spacing of isolhcrmals and adiabatics is based fiindamen» 
tally on Carnot’s cycle and ibe second law of thermodynamics, 
which has been api)lied only to revcrsihle operations. The 
mcllKxi of calculating changes of enlroi>y applies in like manncf 
to reversible operations; an<l when entropy is employed for 
calculalions of operations that arc not reversible, discretion 
must be used to avoid inconsistency an<l enair. 

On the other luintl, (he entropy of a unit weight of a given 
substance under certain conditions is a perfectly definite c|uan> 
tily and is inclej)endent of the inevious history of the siihslancc. • 
This may ho made evident by the conskleralion that any point 
on the line «o, Fig. 19, page 31, has a certain numljcr of iinila of 
entropy' (for example, three) more than that of any point on 
the adiabatic ad. 

Example. — There may be an acIvanUige in giving a calca- 
lation of a change of entropy to emphasize the point that it can 
be represented by a number. Ta-I it Ik required to find the 
chunge of entropy during an isotliermal expansion of one pounil 
air from four cubic feet to eight cubic. 

The heat applied maybe obtained by iniegniling the cx]>rc»»Joll 


dtp 


do Idv 
T T 




r..) 


R r’ 


the value of the latent heat having l)cen taken from page in. 
From the characteristic cqxiation 

l>v li'J' 

the above expression may be reduced to 

II / . 

dp (Cji ^ w ) ‘ 
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</»' — - Up ~ <:„) lo;'. 

(J)' — (/i > : (0.3375 — o.ifiyo) log, — ‘ = 0.0475. 


A prolilom for air 5 s tliosen hwausc il can he readily worked 
oul at lld.s place; as a mailer of fuel, there are few occasion.s in 
jiraclicc where there is reason lo refer to entropy of air. 

Application to a Reversible Cycle. — A very important result 
is ohlaiiK'd Iiy the application of ecjualioti (37) to the calcula- 
tion of entropy during a reversible cycle. In the first idace, 
it is clear that the entropy of a stibstance having its condition 
represented liy the point 0 (I'ig. 23), depc'iitl.s on the adiabalii; 
line drawn through il; in other words, the enirop)' depends only 
on liie condition of the siih.stuncc. 

In litis regard entropy is like intrin- 
sic energy and diffcLs from external 
U’ork. .Siijtpose now that llie .sub- 
stance is made to pass iliroiiglt a 
cycle of operations represented by 
the j Klin I tf tracing the diagram on 
h'ig. 33; it is clear that the entropy will lie the same at the end 
of (he cycle as at (lie. Iieginiiiiig, for the tniclng-poiiu will then 
he on the original iidudHilic. line. As the iracing-poinl moves 
toward (lie right from luliubalic to adiabatic the entropy 
increases, and ns il move.s 10 ilic left (lie entropy dpi rcase.s, the 
algebraic sum of clnmges of entropy being zero for (lie entire 
cycle. This conclusion holds wiicllier the cycle is reversible 
or lion-reversible. Tlic cycle represented by Fig. 23 is purposely 
drawn like a slcum-engiiie indicator diagram (which is not 
reversible) to cinpha.size (he fitrt that the change of entropy i.s 
zero in any case. 

If the cycle is reversible, ihcn e<|iinlion (37) may be used for 
calciilaling the several ebanges of entropy, and for calculating 
the change for the entire cycle, giving for the cycle 
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This is a very Imporlant conclusion from the second law of 
tlicrmoclynamics, and is considered lo re[)resent ihiil law. The 
second law is frequently ap|)lied by using this cquiuion in con* 
nccLion with a general equation or a characteristic equation, In 
a manner to be explained later. 

Though the discussion just given is simi>le and complete, 
there is sonao advantage in allowing that equation {38) hoUk 
for certain simple and complex reversilile cycles. 

Thus for Carnot’s cycle, represented by Kig. 20, the increme 
of entropy during isothermal expansion is 

.// - 

because the icmpcruliirc is conslant. fn like manner the 
decrease during isothermal cominession is 

</> — tf»' 

so that the change of entropy for the cycle is 

2 

T r 

But from the cfiicicncy of the cycle wu have 


Q 


T 


Q, yv 

^ .V- 

Q T 


Q.^Z 

T V 


» o. 


A compIc.x cycle like that rc[>rcseiUed hy Fig. 2.| may b® 
broken up into two simple cycles ABFG 
and CDFE, for each of which incIlviduaiUy 
the same result will be obtained — that fe, 
the increase of entropy from A lo B in 
equal to the decrease from F lo G,, an 4 
the increase from C lo D is equal lo llie 
decrease from K lo F, so that the aumj* 
malion of changes for ihc eniirc cycle gives zero. 







Fig« 25 represents the simplified ideal diagram of a hot-air 
engine, in which by the aid of a regenerator the adiabatic lines 
of Carnot’s cycle are replaced by p 
vertical lines without alTccting the 
reversibility or the efficiency of the 
cycle. We may replace the actual 
diagram by a scri(?s of simple cycles 
made up of isothermals and ndia- 
batics, so drawn that the perimeter 
of the complex cycle includes the 
same area and corresponds ap- Is 
proximatcly with that of the 
actual diagram. The summation of the change of entropy 
for the complex cycle is clearly zero, as before. But by 
drawing the adiabatic lines near enough together we may 
make the perimeter approach that of the actual diagram as 
nearly as we please, and we may therefore conclude that the 
integration for the changes of entropy for that cycle is also zero. 

Maximum Efficiency. — Tn order that heat may be trans- 
formed into work with the greatest efficiency, all the heat should 
be applied at the highest practicable temperature, and the heat 
rejected should be given up at the lowest practicable tempera- 
ture; this condition is found for Carnot’s cycle, which serves 
as the ideal type to which we approach as nearly as practical 
conditions allow. Deviations from the ideal type arc of two 
sorts, (1) commonly a dilTercnt and inferior cycle is chosen as 
being practically more convenient, and (2) the material of 
which the working cylinder is made absorbs heat at high tem- 
perature and gives out heat at low temperature, thus interfering 
with the attainment of the cycle selected. 

The principle just slated must be accepted as immediately 
evident; but there may be an advantage in giving an illustration. 
The complex cycle of Fig. 24 is made up of two simple Carnot 
cycles ABFC and CDEF] if two thirds of the heat is applied 
during the isothermal expansion AB at 500° C., and one third 
during the expansion CD, at 250® C,, and if all the heat is re- 
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jcctcci al 20° C., Ibc combined eiltcienLy of ihe diagram may 
computed to be 


1 sv -Soo — 20 , L vx 250 — 20 
3 500 -I- 273 3 250 -I- 273 ^ ’ 


liad the heal been all applied at 500° C., the c/nciency 
have been 


.Soo — 20 
500 '!• 273 


0.62. 


wa 


The loss in this ease from applying |)arl of the heal 
temperature is, therefore, 


0.6a — o.<;6 
0.62 


o.opy. 


fit 


la 


Ifon-reverslblo Cycles. — If a proccs.s or a cycle is nafl-rc’! 
siblc, then the change of entropy cannot be calculiitccl liy ct 
lion (37), and crpialion (38) will not hold. The ctura|»y " 
indeed, be the same at the end as al the beginning of iHip 

but the inlcgrnlion of ^ for the cycle will not give. 

the contrary, it can be shown tlml the integration of 


J6t?ra. 


^ foi 

entire cycle will give a negative quantity. Thus let tl»ie t 
reversible engine A take the same amount of heal per silrals 
the reversible engine R which works on Carnot’s cycle, bti 
it liavc a less ciTicicncy, so that 


< C> - Q' 

Q Q • • • ’ * • 

where Q/ represents the heat rejected by the engine A , *} 

Q-Qi' <Q- Q' - ('/' - r) (0' - r/0 . . 

Suppose now that T' approaches wro and that <y 
then at the limit we shall have 



NON-KKVKHSinJ-K CYCLES 



Inlcgraliiig for iho ctuirt' cycle, we slutll Imve 



whore — AT rcpresenls ii negalive (|Uiinlily. Tlie alwolule 
viihie of N" will, of course, (lopend on ihe cfliciency of ihc non- 
revcrsil)le engine. K ihe efl'iciency is small compared willr ihiit 
of a reversible engine, then ihc value of M will he lurge. Tf 
(lie ciTiciency apiu'oaclies that of a rcversihle engine, then N 
aiiproaches zero, ft is scarcely necessiiry In ]Hnnl out that N 
tiinnol be iiosilive, for that would infer lluil the non-reversllilc 
engine had a greater efl’iciency than a reversible engine working 
between the same lemperalures. 

.Some non-reversihle operations, like the flow of gas through 
an orifue, result in llie development of kinelie energy of motion. 
In such case llie erpialion representing the dislrilmlion of energy 
contains a fourth term K to represent the kinetic energy, and 
equation (15) becomes 

ilQ - A (liS -I- ill <IW (IK) , . . (*12) 

As liefore S represents vibration work, / rejiresents disgregation 
work, and W represents e-sternal work. If the vibration and 
disgregation work cannot be separnled, then we may write 

dQ A (rfii I- (l\V I- dK) (,I3) 

If a n(m-revcr.siblc process like iliat just discussed lakes place 
in aiiparafua or appliances iluil arc made of non-conduciing 
material, or if the action of the walls on (he .substance contained 
can be neglected, the operation may properly be culled adiabatic; 
such a use Is clearly an extension of the idea staled on page 32, 
and conclusions drawn from adiabatic expansion in a closed 
cylinder cannot be directly extended to this new application. 
Siicli a non-rcvcrsiblc operation w not likely to he isoenirojiic, 
and there is some advantage in drawing a distinction hclwccn 
ojicraliona which are isociUropic and those which are adiabatic. 
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A non-revcrsibic opcrnlion in non-conductinf; rccepuvclci* 
isolhcrmiil, or may be with constant intrinsic energy, 
appear in the discussion of flow of air in pipes on [jage 3SO1 
the discussion of the steam calorimeter, page 191. Any 
reversible process is likely to be accompanied by an Jncrcrti 
entropy; this will appear in special cases discusaecl in 
chapter on flow of fluids. 

Since the entropy of a pound of a given sub.sian«*«^ 
given conditions, reckoned from an arbitrary zero, is a f*csr] 
definite numerical (|»aniiiy, it is j)ossil>lc to determine «?n 
for any scries of conditions, without regard to the 
passing from one condition t<j anollier. Jl is, (herefcirc*, 
possible to represent any changes of a li.Kcd weight nf ®i 
stance, by a diagram drawn with temperatures and ertlf 
for co-ordinates. If the diagram can l)e properly iiTiltJrpl 
conclusions from it will be valid. It is, however, to lie? 
mind that thermodynamics is essentially an analytical nisittn 
leal treatment; the treatment, so fur as it applies to origin a 
is neither extensive nor diflicult. but the student is t aut 
not to consider that because he has drawn a diagriiin rcrpri 
ing a given operation to the eye, he necessarily htit* a* 
conception of the operation. If any operation [iivolvK 
increase (or decrease) of weight of ll)e substance 
thermal diagrams are likely to be diflicult to devise nnci 
to mismtcrprclation. 


CHAPTER TV. 


GKNKRAI. TIIKKMODYNAMIC MRTHOO. 

In the three jircccding cimpters a discussion has been given 
of the three fundamental principles of thermodynamics, namely, 
(i) the assinnplion that the properties of any substance can 
be represented by an equation involving three variables; (2) the 
accepUincc of the conservation of energy; and (3) the idea of 
Carnot’s principle. In the ideal ease each of these principles 
should 1)0 represented l>y an equation, and by the combination 
of llie three several equations all the relations of the properties 
of a substance should be brought out so that unknown proper- 
ties may be coni))Uted from known properties, and in particular 
advantage may be taken of opportunities to calculate such prop- 
erties as cannot be readily determined by direct experiment from 
those which may be determined experimentally with precision. 

Recent experiments Imvc so far changed the condition of 
affairs that there is lc.s 3 occasion than formerly for such a general 
treatment. Of the three classes of sul>stnncc.s that arc interest- 
ing to engineers, namely, gases, saturated vapors, and super- 
heated vapors, the conditions appear to be as follows. For 
gases there arc siifiicicnt experimental data to solve all problems 
without referring to the general method, though the ratio of the 
specific heats is probably best determined by that method. For 
saturated steam there Is one property, namely, the specific vol- 
ume, which is computed by aid of the general method, but there 
arc experimental dclermiimlions of volume which are reliable 
though less extensive. The characlcrLslic equation of super- 
heated steam is now well determined, and the specific heat i.s 
determined with auITiclcnt precision for engineering purposes, 
80 that there is no difficully in making the customary 
calculations. 
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The one class of siilwtiincfs for U’hicii ilu- lu-n-ssury |*r«»P^ 
must be cominitcd by aid of the general nu-lhnd, nri- 
tile fluids like ammonia and sulphur duixhli-, wlflili 
for refrigerating machines. 

On the whole, even with conditions as stated, it {“. 
that the student .should master the general (hiTiTi*;***^'* 
method, given in this chapter. 'I'luil method is ncrU 
nor hard, and is so commonly accepted tlnii slialenir* %vl»« 
mastered it will have no diflicully in reading .siandatr#! 
and current literature involving lluimodynamic di*** 
Those eases rennihiing where the general nietlmil or »l 
lent must be used, are lie.st treated liy iliai tneiliod, 
ease of volatile fluids can he treated only hy that mrl I****®' 
The. ease having been presented as fairly as j m »-»’»» I * l« 
crcllon may be left with the suuteiil or Ids instnui«»r w 
he aimll read the remainder of this chapter before 
or whether the chapter sluill he altogether oniilled, 

' The following mctluKl of eomhining ilu* three gme’iratl 
cipics of thermodynnmies, which is due to Lord Kelvin, kI« 
on the use of the expression 

S’.v 

ByBg BzBy 

as the basis of an operation. 'Phis expression is gen«*'raiiH 
as a criterion to determine wliether a ceriaitt dilTeripntlbn’ 
exact dilTcrentlal that can he Integra ter I diredlj', €»r ^ 

aontc additional relation must lie soiiglit hy aid of wti&| 
expression may l)c transformed so that it ran he InieKrias lc“«3 
Conversely, if we know, from the nature of n gU-c's* pi 
like intrinsic energy, that it can he always enlculnlecl f«Kir a 
condition ns represented hy two variahle*. like tem(w;''r:.^««M 
volume, then we art: juslificd in condmling ilmi ibe 

y/<; SV<; 

SvS/ BtSv 


tnuat be true and that we can use it as the Imsi’s of nf» 


Now in layinj' <iul a inclIuKl it is impossible to select 

liny parlifuliir t Imraiiorisitc eiinutum, and for that reason, it 
no otlu’.r, (lie ftinu of (lie itUegral c<|iin(ion connccti'njt li witli 
t and V laniHil l»i> nsHii'iU’d. Hut the fact romains that the jiossi- 
iiilily of working; out any melluKi ilcfietids on tlic iissumpiion of 
liie ullinuUe possiliiliiy of wrilin>» hiuIi an equation, and that 
iiHHiuniition carries wiili it die asHumplion that dE is an exact 
dllTcreniial. 

Application of the First Law - M'he first Kcneral principle 

may 1)0 taken to he reprcseiiteii ity equation (i), 

^/(> I hlv, 

iiiul the first law of liiertuodyniunies hy e([UatIon (i6), 
dQ t-a A {(IE -I* r/lK) •=• A ((//i-l- /a/t;), 

Cmnliinlng these er|uiilion» gives 

(IE ^ (II i — pj <lv'. 


and coniparitig with the general form, 


I 


(IE 


^E . 

sT'" 


Be 

Bv 


(Iv, 


It is evident that 


be 

17 


^ nnd 
A 


Be 

fit' 



P' 


Now equation (,|,|) Is an ahhreviatcti way of writing Iho 
expression for continued dKTerentlalion vvhicli may be cxjmndcd 
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general thermodynamic method 




i' 


%■ 




or replacing the first partial dilTcrontial cocnkicius by thclf 
equivalents, 



the subscripts being written to avoid possible confusion witfi 
other partial (liffcrcntiiil cocflicicnis to be deduced Inter. 

From the first law of ihermodynamits and erpuuion (a) «« 
have in like manner 

dQ =• A (dfi d- p(fv) «=> c^dl -I- indp. 


Since the differential dv is inconvenient, we may replace it by 
dv 

so (hat 


, 

Y^dp 


A {dE + P + P 'I* 




"•<1- 

. 8}'\ 
^8/7) 

Making 

use of the equation 




5 8/i 




if 

8/ 


gives 

± /£p _ pbl] 

8/)U PBi) 

8 / in 

8/ V'l 

'P Bp) 


• • A \lph -'si-' P Bpft A VbJJp P BiBp ‘ 


« 
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Hill ilti- »hMiin|iii((U «>f 11 iliiinuUTiHtic i-tjimium conniiclini^ 
p, Tj un<l I lurriis wiih il llu- iisitvimplion llml 

BpBi hiBp' 

80 (Ititl 



AHain, fnnu (.0 we umy liuvc 

- .’I («//'.' I fxlv) ' nilp ! w/i*. 


“ ^/i 1 

Ci ■ • 


or, making uve <>( 

h-^p 

i C::l - 

8V-: 

8pSv‘ 

'i Cil - 


[(*;). 

KJ" 

U8) 


AppllcAtion of tho BocontI Law. 'I'lu' haonii inw of liicrmo' 
flynnmitn tnn be ex|irf»si'<l liy ec|UHlion (.^8), |mf(e 37, 



^ 0 | 


wliit li fiirtkcft 


is 

r 


«n { (IlfTcrcniin), m lh«l wt* may wriic 


8yi 

8e8/ 



'I'd prejMire et|tmlidn (i ) for llih iraiiHbirmallon, we may write 



so that the preceding equation gives 


^\ 1 ' 




\ 7 ) 


• i {i£s\ _ 

* ' T [Svl ~ 


jT* 


■ i 

W/v \Sv/l’^ 

Performing a like operation on equation (2) we have 
^ •j.di + '^dp, 


-m. ' 

• _ /^«r\ 

■ WA \li)p”‘ 

Again, from equation (3) we have 

T j- “? + ^dv, 
^ /n 


iU 

f 


(so) 


" [fJ’^ Sp (j-/* 

••• 

K i^L Second Laws Combined tk 


A I .’n-; K N AT 1 V I'. M K rn t ) u 


fC|UivlionH (i), (a), anil may lir oUtaini'd l»y comliinitin; ilu' 
iMHialions n-siillin^' from tiu- applunlion of ilu* laws svparamly. 
'I'luis i't|Ualions (.15) and (.p)) nivc 


I / 

si d /■ 


Kf| unlions and (50) Kivo 


An«I r(|iiiilions (.|H) ami (si) 

1 > / S' S/\ 

•' y ("V ■ 


(l is umwniVnl in Inutsfnrru llii^ Iasi rt|Uiiluin liy lakin^^ 
values of /I uhil a fr(»ru iiii^r i yirlitiiiK 


'Mir rqimllnn?i <lrelu<c'^| in lliis ilaqilrr !*lunv (hr rirrctnary 
rrlaliuns unnin^ llu* llirrnial lapiuiiir^ if ilu* Uws of ihrrmn 
tlynarnir^i arr nurplrfl, Snnir nf ihnii, nr (li‘#har#l 

frnm llirm, havr larn ii^rtl hy wriirrs nn UirrutiHlvnaitiu n hi 
rshiblKii rrlalinns nr inni(nilr jirnprrlir^ lliai mniini hr riMilily 
olilainrcl liy dim l r^|K*iinirnis, 

Knr ihr sludrnl fafniliarily wlili ilu* jirinr^iri i-^ nf innrr 
inumrlunrr ihan any nf Ou* rr^iulu, 

Allernntlve Mollmcl. Sf*inr uriirr'^ cm ilu’rm<H|yriami< ^ rr 
H^rvr ihr diMUssiiin nf ic ni|K'riiinrr uniil ihr) arr mnly hi 
drilnr nr assumr lUi ul»*^nUiir malr inclritrndrni nf any lulr^anu* 
anri (li'iK'hflinr^ nnly nn litr fitmlaim mat untH nf Irn^ili arnt 
wi'inJil. nf ilir ihrrr |»rnrral rqunlinrH (i), amt ( lhr\ 
UHi’ ill lir^i imly ihr taiu r: 

(J{> — ffJfi ^ w/k 
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GENERAL THERMODYNAMIC METHOD 


Now from cqualion (i6), representing the first law of thermo- 
dynamics, 


dQ *=> A (dE -)- 


it is evident that dQ is not an exact differential, since the equa- 
tion cannot be integrated directly. The fact that in certain 
eases J) may be expressed as a function of v, and the integral 
for external work can be deduced, docs not affect this general 
statement. Suppose that there is some integrating factor, 

which may be represented by so that 


.s s^s 

may be integrated directly; we may then consider that we have 
A series of thermal lines represented by making 


^ « const., 

O 




const.. 


I 

S" 


const., etc. 


Tlicsc lines with a scries of adiabatic lines represented by 

^ = const., <f>' » const., </>" =» const., etc,, 

allow us to draw a simple cycle of operations represented by Fig. 
25a, in which AB and CB arc represented by the equations 


r 



A 






B 




Vc 

0 a 

L 

<L. 

h 1 V 


~ C, and ^ C ^ 

while AD and BC arc adiabatics. The cfTi- 


Pio. asa* 

ing the heat Q' during the operation CD, will be 


heat Q during the operation AB, and rcjoct- 


c 


C> - 0 ' AW 

Q Q 


But ^ is an exact differential, and depends on the stale of 
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the substance only, and consequently is the same at the end as 
at the beginning of the cycle, so that for the entire cycle 



Now during the operations represented by the adiabalics AD 
and BC no heat is transmitted, and during the operations rep- 

resented ^by the lines AB and CD, ^ is constant; consequently 

o 

the integration of the above equation for the cycle gives 


S S' 


o. 


' ' 0 5 ’ 


that is, the efhciency of an engine working on such a cycle depends 
on 5 and *$■', and on nothing else. 

Zeuner’s Equations. — A special form of thermodynamic 
equations has been developed by Zeuner and through his influ- 
ence has been impressed to a large extent on German writings. 
These equations can be deduced from those already given in 
the following manner. 

From the application of the first law of thermodynamics to 
equation (3) we have equation (47), page 47, 

dE = 'jdp + (I - j)jdv. 

Now 

dE ^.~dp+^dv, 

so that 

« 5^2 _L A 

A~ Sp' A~ 


These properties Zeuner writes 


Be 

Bp’ 


Y 



X 
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GENERAL THERMODYNAMIC METHOD 


Solving cquAlion (54) first for 0 and then for », 

Bi 


A T -h n 




IL 

B/, 

AT~o 


Si 


Sv 

In equation (3) 

(IQ ndp -I- odv, 

we may substitute the above values successively giving 
dQ “ ^ ^ dp "I" *'■ -I- A Tdvj • 

s7 

dQ = H- ATdvj 

Sp 


because 
And also 


dQ - '^(0 ^dp + o-^dv - ATdfij- 
Bv 


.’.dQ =. ^^(odl - ATd^. 


Replacing o and n by ihcir values in terms of X and K| 
dQ 6 = 3/1 {Xdp + Ydv)^ . 

[A:r// -h -I- 

Sp 

-/Q=| [wM.(i+,)rf/,]. 


ZKUNKU’S EQUATIONS 


53 


In these cqimlkms a is the cocfl'icienl of dilulaiion, oi’ - -|- 1 is 
c()unl lo 7‘, and 


tr r 1 
A - ■ T a “ • 


A 


.-I V5/,A' 


Y - TO 


A \8v 


If this (levivulion of Zcimer’s equations is l)ornc in mind, the 
treatment of thermodynamics by many Cjcrman writers may lie 
readily recognized lo be only a variant on that developed Ijy 
Clausius and Kelvin. 


CHAPTER V. 


1‘ERKIiCT GASES. 

Tub clmmclcristic cquiition for a i)crfect gas is derived from 
a combinalion of the laws of Boyle and Gay-Lussac, which 
may be stated as follows: 

Boyle’s Law. — When a given weight of a perfect gas is com- 
pressed {or expanded) at a constant temperature the product 
of the pressure and the volume is a constant. This law is nearly 
true at ordinary temperatures and pressures for .such gases 88 
oxygen, hyrirogen, and nitrogen, Gase.s which arc readily 
liquefied by pressure at ordinary temperatures, .such as ammonia 
and carbonic acid, show a notable deviation from this law. The 
law may be expressed by the equation 

/.v - p,v^ (56) 

in whicli and v, are the initial pressure and volume; p is any 
pressure and v is the corresponding volume. 

Gay-Lussac’s Law. — It was found by Gay-fnissac that any 
volume of gas at freezing-point increases alxiut 0,003665 of it8 
volume for each degree rise of temperature. Gases which are 
easily liquefied deviate from this law as well as from Boyle’s 
law. In the deduction of this law icmpcraiurcs were measured 
on or referred to the air-ihcrmomclcr, and the law therefore 
asserts that the expansibility or the cocflicicnt of dilatation of 
perfect gases is the .same as that of air. Gay-Lussac’s law may 
be expressed by the equation 

V ■= Vo (i * 1 - (57) 

in which v„ is the original volume at freezing-point, a Is iho 
cocflicicnt of dilatation or the increase of volume for one degree 
rise of temperature, and v Is the volume corresponding to the 
temperature i measured from freezing-point, 

54 
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Characteristic Equation. — From O(jualion (57) \vc may 
calculate any special volume, such us Kelling 

v^ Va (1 -I- «/). 

Assuming that />, in e(jU!ilion (56) is the normal pressure of 
the atmosphere //(,, ami Huhsiimiing the value just fouiul for z',, 
wc have for the combination of the laws of Hoyle and day' 
Lussac 

/w '(• 07) ^>/Wr rj . . . . (s8) 

If it he assumed that a gas contracts <v part of its volume at 
freezing-i)oint for each degree of temperature below freezing 

then the absolute zero of the air-thermometer will be ~ degrees 
below freezing, and 

1 H- / 

«• 

may be replaced Ijy T, t)ie absolute lompcraturc by the air- 
thermometer. 

The usual form of Hie characteristic ff|Utttion for perfect 
gases may lie clerlved from efpiation (58) by substituting 7 \, 

the absolute temperature of freezing-point, tor i , giving 

py T ' ««» RT (so) 

■f « 

where R h a. constant rcpreaenling the c[uanlity 



For solution of examples it Is more convenient to write cqua- 
tion (59) in the form 


T T, 


(60} 


PROPERTY OF 
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Absolute Temperature. ~ Rcccnl invcsiigalionfi o{ the prop- 
erties of hydrogen by Professor Callender * indicate that tho 
absolviic zero is 273®.! C. below freezing-point. This does 
not differ much from taking « = 0.003665 ns given by Rcgnnull, 
for which the reciprocal is 272.8. In tin’s work we shall take 
for liic absolute icm|)eraturc 

7' =a / + 273° centigrade scale. 

7‘ =. / -I- 459^.5 Fahrenheit scale. 

These figures arc convenient and sulTiciently exact. 

Relation of French and English Units, — For the jiurpose ot 
conversion of units. from the metric system (or vice versa) the 
following values may be used: 

one metre . 30*37 inches, 

one kilogram =’ 2.2046 pounds. 

Specific Pressure. — The normal prc-ssiire of the almoaphere 
is n.s.5i)mcd to be ccpiivalent to that of a column of mcrciir)!', 
760 mm. high at freezing-point. Now Rogmiull t gives for 
tile weight of a litre, or one cubic decimetre, of mercury [3.5959 
kilograms; consequently the specific pressure of the atmospherw 
under normal conditions is 

/ij ==■ 10,333 kilograms per scpiare metre. 


U.sing the conversion units given above for reducing thb 
specific pressure to llic English .system of iinit.s gives 

}>o 2116.32 pountls per scjiiarc fool, 

which corresponds to 

14.697 iiounds per square inch, 

or to 

29.921 Inches of mercury, 

It is customary and sulTicicnt to use for the pressure of ihe 
atmosphere 14.7 pounds to the square inch. 


* Phil. Mag., Jnn., j<)03. 
f Mimoitei do Vlmtiittl do France, vol. xxl. 
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Specific Volumes of G«sos. - rtciii of 

(IciiHilics of fj'iiscs by LctlUf, Morlcy, iind Kiilcigli il iijipcurH that 
llu' most probiiblu valius of itio spcrilk' volniuv of ihr ooniiuoncr 
puses lire 

VOIAIMI'.S JN cntlc MKTRKS uK OMK RlI.Ol IRAM. 


AlniosplienV air ... 0.773,^ 

Nilropen 0.795;; 

Oxygen o.byt/i 

J fyfiropco . n . ? 33 


'I'lie rt)rri-spoii<linp <)iiunlilies for Knplish tinils are given in 
the iH'.xl la I lie. 


VOl.DMKS IN fflllf IKi:’!' i)|- (iNi; I'tniNll. 

Atmosplierie air , 

Nitrogen . . u.?.) 

Oxygen a. at 

Hydrogen 178.3 

'I'o iliese may lie milled the value for earlntn dioxide, 0.506 
cubie metre per Uilogriun or 8.10 eiibic feel per pound; liul 
US llie iritii /i! temperaliire for ibis .siilwtume i.Haboiil 3>®C., or 
88° caleiildliotiH by the e(|imlions for gases are liable to l>o 
alTeelefI by large errors. 

Value of A'. ’i'he constant A’ which appears in tlie usual 
form of the eluiraeiirislic e(|Uii(ion for ti gas repreHenls the 
expression 

J^siVs . 

V„ 

The vahie.H for H corresponding to the Krencb find the Kiiglish 
ayslein tif uiiilH may be calciiluleil us follows; 


l•■^encll units, li - , ^9.37 . . (61) 

Isnglish units, li > * 51.35 • • (6a) 

Value of li for {iihcr gases may be calciilaied in a like manner. 
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Solution of Problems, — Many problems involving the proper- 
ties of air or otiicr gases may be solved by the chnraclcrlsltc 
equation 

pv « RT, 

or by the cquivaicnl equation 

Mfl, 

T 7'o 


wliich for general use is the more convenient. 

Jn the first of these two equations the .specific [)rc.ssme and 
volume to be used for English measures are iiounds per square 
fool, and ike volume in cubic feel of one pound. 

For example, let it be rccjiiired to find tlic volume of 3 iwimds 
of air at 60 poiind.s gauge- pressure and at 100° F. A.ssumlng at 
barometric pressure of 14.7 pounds per s([uare inch, 


V « 5 3-.35 («l59-!i H- 100) 
(14.7 -1- Co) 144 


3.774. cubic feel 


h the volume of i pound of air under the given conditions, and 
3 pounds will have a volume of 

3 X 2.774 => 8.322 cubic feet. 

The second equation Ims the advantage that any units nmy 
•be used, and that It need not be restricted to one unit of weight. 

For example, let the volume of a given weight of gas, at too® C, 
and at atmospheric pressure, l)c 2 cubic yards; required Ibe 
volume at 200® C. and at to ntmosphores. Here • 

10 V 1X2 
473 373 

47.3 X 3 ... 

” 10 X 373 “ ct'liic yards. 

Specific Heat at Constant Pressure. — I'hc sjiccific heat for 
true gases is very nearly constant, and may be considered to be 


% 

Ari'I-ICATKlN OF I.AWS OF Tl IKKMODYNAMIC.S 59 

SO for iln‘rm(ul3’miniic fijuatiotis. RcRnaiill nivrs for l!u; luniti 
values for siicciflc luiil til consUiiU pressure the foliuwinf; resiiils: 


Alnios])heric air ^ o.'<f.l 75 

NilroKeii .... o.3.(.iK 

O.xygen 0.21 75 

liydroj'en 


Ratio of tlio Specific Heats. ■ My a .spirial experiment on 
the atliabalie expansion of air, Rdnij'en* delerniineil for the 
ratio of the’ speeilii: Iteiits of air, at eonslaiU jiressiire anil at 
constfuit volume, 

K '"*1 ..(oi;. 

<» 

Tills value ajtrees well willi a eompulation to follow, whieli 
depends on the application of the laws of Ihermodynantics to u 
perfect gas, and also with a delerminmiun from the theory of 
gases hy f.ovef llml lite ratio for air ahould lie i..i03. If the 
given value for this ratio be accepted the remainder of the work 
in this cliapler follows willtoui any reference to the laws of 
iherniodynamies. 

Application of tho Laws of Thormodynainlcs. The prcceib 
ing slutcinenls eoneerning the Hpeeifie heals of perfect gasea 
and their ratio would be salisfaelory were* it del'milely delennincd 
by experiment ihtil the speeiric heal at con.Hianl vohinte is an 
nearly conalanl ns is the speeilic heal at conslanl presHure. 
None of the experimental delorminalionB (not even that by Joly :j!) 
can be considered us satisfactory as those for the spei llii lieai 
nl conslanl pre.s.siire; ccmsMiiivni}y lliere is eonwidernldo !mp»r 
tance to be nllached to ibc application of the laws of thermo- 
dynamics to the characteristic e(|ualinn for a perfect gas, and, 
moreover, this application furnishes one of the most snti.sfaetory 

determinations of the ratio of the specilie heals. 

» 

* Anutt/cft, vn|. cxIvUl, |i, 5lk>, 

t Jytff. sMag., July, 1K09, 

I rroc, SvCt vol. jcH, \t, iKHfj, 
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II is convenient nl this place to make the appliVulion of the 
laws of thermodynamics by aid of cqiuilion (35), page <19. 


f ji — f » ''I ^ 5, 


From the equation 


we have 


This equation shows conclusively that if the cluiracterisllc 
equation is accepted the dilTercnces of the spei ilic heals must be 
considered to be constant, and if one is treated as conslniU ao 
also must the other. Conversely, the assumption of constant 
spcciHc heats for any .subsinnee is in effect the u.s.suinplian a[ 
the clmraclcrislic equation for a perfect gas. 

'i'hc solution of equation (6.)) for the ratio of the specific 
heals gives 

Cp I 

K-~ - tL, 


1 

426.9 X 273 X 0.2375 

For those who have not read Chapter IV, the following dcrlvn-' 
lion of equation {64) may be interesting. In Fig. 26 lei ab repre* 

•* " {» sent the change of volume at conslanl pressure clue 

g to the addition of heal where A/ j.s iltc increase 
of Icmpcrnturc ; and let cb represent llie change tif 

.g V prc.ssi(rc due to the addition of iiral <r„A/; If ac k 

Fio. ,6. an isothermal, the latter change of lempcralurc will 
he equal to the former, but the licatnp[)lied will he lesson account 
of the external work /iAv (a])proximlcly). Consequently, ’ 

Sf 

C|. — fr =• /I /» /I li, 
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■Uic last iransfonnaiion miikiii)' usi* of tiic partial derivative 

S( ' /;’ 

Thermal Capacities. — 'I'lie values of the several thermal 
capacities lor a perfect gas were derived on i)aKO i a and may l)e 
written 

I ^ (rp ™ f.) • ■ ~ l(p - <-,) ... ( 60 ) 
V T 

W/ ~ (fp -- I'v) ‘ ~ ^ ^ 

« (OH) 






w- 
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the transformaiion.s in e<|imlion8 (66) ami (67) being made by 
aid of the cljaraeieri.Hlic c(|iiuiion. 

General Equations, -—To deduce the general eciualionH for 
gases from ec[ualion8 (1), (a), and (3), It ia only necesHury to 
replace the letters I, ni, n, and 0 by their values Just obtained, 
giving 

cCyi} > ^ ( 1 °^ 


T T 

do <*» ~ dl> i - <*„ - dv 

l> ' V 


(73) 


Isothonnal Lln«. — The eqimtion to the iKothcrmal line for 
a ga.s is obtained by nntking 7 ’ a conslnni In the characteristic 
c(|iiation, so tliat 

{»v ■». R't', /),v„ 

or 

l »> (73) 


I ' This cqvintion will he recognized as the expression of Hoyle's 

f law. It Is, of course, the c{)ualion to an c(|uilalcrnl hyperbola. 
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To obtain the external work during an isothermal expansion 
we may substitute for /> in llm expression 

IK J {Hh 

from the equation to the isothermal line just stated, using for 
limits the final and initial volumes, and 



If the problem in any case calls for the external work of one 
unit of weight of a gas, then v, ami v, must be the initial and 
final specific volumes; but in many eases the initial and final 
volumes are given without any reference to ii weight, and ll ia 
then sufficient to find the external wiirk for the given expanaioa 
from the initial to the final volume without conHidering whethor 
or not (hey arc specific volumes. 

Tlic pressures must always be sjiecific iires-surea; in the English < 
system the pressures must he expressed in jioimds on the square I 

foot before using them in the equation for external work, or, for j 

that matter, in any thermodynamic ecpiution. ' | 

For example, the sjiccific volume of air at freezing-point and ^ 

at 14.7 pounds jircasure per aquiirc inch is about 12.4 cubic fcotj ! 

at the same icmporaiurc and at 39..1 pounds per 3f|uarc inch the 
specific volume is 6.2 cubic feet. 'J'hc external work duHug 
an isothermal expansion of one jjound of nir from 6.3 lo ta.4 
cubic feet is 

<= 29.4 X 144 X 6.2 log, 18,190 foot-poundsi I 

For example, the external work of isolhcrmtil expansion from 
3 cubic feet and 60 pounds pressure by the gauge lo a volume 
of 7 cubic feet is 

<=■ (60 + 14.7) 144 X 3 logjj^ m. 37,340 foot-pounds, 

3 
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In Ixjlh j>mblfnj.s ihc pir .s(|iiiire inch is m»lti|ili«l 

l)y I.).) lo riduci; It l<» the siiuiuv fool. In iho I'lrsL |)rol)U‘m llu' 
piT.ssiircH arc tihsoUtlc, ihiil is, they arc mcasnrc<l from zero 
pressure; in the second jirobtcm ilie in-cssurc by the gauj^e is 
60 pounds above the pressure of (he almospiicre, wlueh is iierc 
assumed to lie 1*1.7 pounds per s<(uare inelj, and is added to 
give the alisolulc pressure. In eareful e.N|a‘rimcntid work (he 
pressure of the almosphere is incasurerl by a Imroineler and is 
added to the gauge-] nessurc. 

Isoenergfc Line. • 'J’he isothermal line for a perfect gas i^ 
also tin: i.sfienergie line, a fail that may la* proved as folhm.s: 
The heat ajijdied during an isothermal exjiansion may Ijc cjiI 
ciliated by making T a constant in e(|uation (70) uiul then 
• integrating; thus: 

Q • (0. “ V’, ■ {>, - r j '/•, )og,j;’, 


or, .subsllliiling for 


i„ from erpialion (n.i), 


(G •' ART, log. 


Ai\v^ log.^^-' 


V 


(7.0 


A comparison of e(|uaiion (75) with eqiintlon (7.1) 
that the heal applied dining an isothermal eximnsion Is ciiuiv- 
alcnt in the external work, or we may say that all the heal applied 
is changed into external work, so that llie intrinsic energy is not 
changed. I'his concliiKiort i« based on the as«iiiiip(ion (lint 
the jircipcrtica are accurnlely repreHcnted by the elmrarterihlu: 
equation and that the sjieeilic heats are lonHliinl. .'\s both 
assumjiliona arc approximale so also Is the ccmeliisiun, tis will 
aiqicar in the {tiacuftsion of flow through n porous plug. 

/\n intcrc.sllng corollary of the <li«cit«sion jiiat given is that 
an infinite isoiliermiil expansion gives an infinite amount of 
work, '(’bus the area contained belwccn the 
axis OV (I'ig. 37), the ordinate </6, and the 
isothermal line act extended wilhoui limit la 
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This may also be seen from Ihe tonsulenuion ihat if J,eat k 
continually iippliccl, and all changed into work, tlicrc will be a 
limitless supply of work. 

Adiabatic Lines. — During an a<lial)iuic change — for cxaai- 
pic, the c.xpansion of a gas in a non-c<»nd acting cylinder — heat 
is not communicated to, nor absiraclwl from, the gas; conse- 
quently (IQ in equations (70), (yt), and (72) becomes zero. 

From equation (72) 



The ratio of the specific heats may lie represented by «, anti 
the above equation may be written 



v*(i const. . . 


This Is the adiabatic equation for a pcrfcci; gas wbicli Is mos»l 
frequently used. If adiabatic equations Involving other vaHtt-* 
bics, such as v, and 7 *„ arc dwirccl, they may be derived from 
equation (76) by aid of the characteristic equation, which tor 
tliis purpose may be written 


so that 
and 
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Or equations (78) nncl (79) muy be deduced clircctly from 
equation (70) as ctiuulions (76) and (7?) were from etiuuliim 
( 73 )< 

In like nianiUT we may deduce from etumiion (71) 

f It I — « 
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or we may derive it from equation (76). 
To find (he cKterntil work (he c<|tmlion 


IV 



may be used after stihstitulinK for /> from eqimthm (77) 





K - J 
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In Fig. 98 (ho orcft bolwoen the juIh OV, 
the ordinate Ixi, and the adiaimllc line irra ex* 
icndcd wiiliout limit, becomes 

i u/ Jj^u, \ 

* A/ ^ -1 v 




'• 1 


Pin. «t. 


and not infinity, as is the ease wiili the isoliiermal line. 

Here, as with (he cnicuiation of external work during ino 
thermal expansion, specific volumes should be used when iho 
problem involves a unit of weight; l)iil work may lie cnltriilalcd 
for .any given initial and final volumes wllhoui considering 
whether they arc sficcific volumes or not, 'Phe pressures are 
always poimcla on the square foot for die Fngllsh «y«(cm. 

For example, die external work of adialmtlc ex|mnslon from 
3 cubic feet and do pounds prcsaiire by tlie gauge to the volume 
of 7 cubic feet is 


^ ZdJJUiliU s 

J.dos - J ( 



a3,i<|0 focil'pounda, 
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which Is considerably less ihmi the work for diu forrfsjtoodl) 
isolhcrmnl expansion. 

Atlcnilon should be called to the fuel that calc u hit lorn by 
method arc subject to a considerublc error froin the (net 
the dcnominnlor of the cocffieicni contains tin: term ^ -- i 
too./|os;if It bo admlital that the last iigtirc i.s liiiccrtaln talfe 
oxiont of hvo unllSj the error of calciilalion lu’crui'ics half m 
cent. 

Intrinsic Energy. — Since external work duriiif^ on n< 
expansion Is done at the expense of the intrinsic cdcrj.'y, the 
obtainable by an infinite e.\|Kinsion niniuil he /Lre-tsiier liiAO 
intrinsic energy. If it lx: (Klmiiied iluit such tin es 
changes all of the intrinsic energy into c.xtcnuil wttrk we 
have 


( El »»’ 1 K| i ^ 


JLiHi 


which gives a ready way of calculating intrinsic energy, to 
practice we always deal tvilh dilTercnce.s nf inirjnsif energy, n* 
that oven If there be a residual intrinsic energy nftcr an 
adiabatic expansion the error of our inetluxl will Im: 
from an equation having the form 


\ Ef Ej 


Mj. 


JbSl: 


vxpononilal Equation. The expansions aiul r 
of air and other gases in practice are sehlont exactly iH«»thrr»(a|«si 
adiabatic} more commonly «n actual otieniiioii in iniermnl^sfc 
between the two. It Is convenient luit) uHiutlly HuiffekHii 
represent such expansions Ivy an exponential ctiinuion, 

pv'* 1 %^ 

In which n has a value Ivctwccn unity anrl 'The fmm *1 

integration for external work Is ihe same as for that of 
oxtMinsion, and the amount of exieriuil work iw Inicnwrillss^ 
between that for ndiahnlic and llmi for iHoiiuTinul 
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Change of temperature during such an expansion may be 
ciilciilatcd by the equations 

(85) 

( 86 ) 


Li" Lz5 

Tp "■ = r,p, » 


1'* 


which may be deduced from eqnalion (84} by fiid of the char- 
acterislic equation 

ns equation (79) is deduced from equation (76). 

If it is desired to find the exponent of an equation representing 
a curve passing ihroiigli two points, as and 
(Fig. 29), we may proceed by laldng logarithms 
of both sides of the equ<ation 

n log-y, -Hlog Pi = 11 log'Uj + log^j, *’• 

= log A - log />. 

logv,-logv. 

For example, the exponent of an equation to a curve passing 
through the points 

Pi = 74.7. =■ 3. and />, = 30, i/j = 7, 

is log 74.7 — log to 

n ■= — ° ~ = 1.104. 

log 7 - log 3 

II .should he noted that as n a|)proachcs unity the probable 
error of calculation of c.\tcrnal work is liable to be very large. 
Entropy, — For any reversible process 

H.f. 

consequently from equations (70), (71), and (72) we have 

- CvJ. i' {Cp - C,) — , 


di> — Cp -h {Ct, — Cp) 

d(t> — Ct, — -h Cp—\ 
p V 
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and, integrating between limit'i, 


<I>1 — «/>, C, log,^ i- (fj, — c„) i<,j, 'E? 


'l\ 


" O' ^ Uii f'tf) lOgj, ^ ^ 

* /'a 


~ ‘/>, - <,lnn/^ .( ^ ^ ^ ^ 


a 


which give ready means of nilnilating tliiingcs of cnuoi 
These equations give (he entropy elmnges per pound, and fire 
be multiplied by the weight in potinds to give the change 
the actual conditions. 

For example, the change of entropy in passing from tlic pc 
sure of 74.7 pounds absolute per si|imre inch and the volu 
of 3 cubic feet to the pressure of 30 pounds nbsoluie and I 
volume of 7 cubic feel is 


- 0, 


.,2i?dZ£ 

j..)os 
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o.o<;s4. 


Since the pressures form ilie numerator and denominator 
a fraction, there is no ne(T.s.siiy u, reduce them to the aqu 
foot. In this jiroblcm the i.ressure.s nm! volumes arc taken 
random; they correspond to a lemperalurc of eiOOF., at 
initial condition. As has nireudy Iteen said, there is acid 
occasion in practice for using the entropy of a g„s. 

CompariBon of the Alr-Thermomoter with the Absolut© Set 
--Jn connection with the isodynamic line it was shown that' 
intrinsic energy is a function of the temperature only. T 
conclusion i.s deduced from the eliaracleristif eipmiion on 
assumption that the scale of the air (hermonieler coincides w 
Ihc thermodynamic scale, and it alTords a delicate method 
csting the truth of the chaniclerisiic etpiaiion, anti of compnr 

inf' turr* n/iA ■ 
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'riu' mosi n)m]>l(‘U* rx|nTimenls f«»r ihis were made 

liy Jinili- jinil (■«»r(l Ki’lvin, wlm fdrctfl air slowly ihroujth a porems 
|ilu}^ in a mill' in sucit a inaniin* lliiii no lu*al was (ninsmilU’d 
1(1 or from the air (luring ihr proross. Also iho vclodly bolli 
In fori* and ln'voiul llu- plui4 was so small that tin* work due to 
the fliaiiK^’ ''f vclofily ctaild be disrej'ardcd. All the work that 
would be developed in free expansion from the IukIkt lo the 
lower ]iressnre was used in overeominii' (he resistanre of frielion 
in dll' plint, and so ((inverted into heat, and as none of this heat 
esiaped.il was reltdned by the air Itself, the pluK remaining at a 
eoiisiam leuiperalui'c. It therefore appears ihul the intrinsic 
energy remained the same, iiinl that a change of temperature 
indiciiletl a ( levin lion from the iissumplioiis of the theory of 
perfia 1 gases. 

hi the diseussion of results given by Joule and Lord Kelvin* 
in iHs.| lliey gave for die ab.soluie temperature of freczing-poinl 
t * I'esull of later experiments t they alaleil ihut 

the cooling for a dilference o( pressure of loo indies of mercury 
was represenieil on the lenligracle sciile by 

h'rom these experimeiUs and from other eonsideralionH con- 
cerning the conHlanl volume hydrogen thermometer, ProfesBor 
(‘nllendar has tielerminni that the most probable value for the 
alisoUue lemperature of freezing point in a7.t". i as already 
given, and gives a inble of correcllonH to the hydrogen ihcr- 
niometiT to obtain lem|K'ralure« on the ahHolule scale. As 
the correiiion at any temperature between ■™ aoo® and t- .150® 
C. Is not more than tin of n degree lids is interesting mainly 
to physldMs. The rorrecilons for the nir-ihermomcler al con- 
sliiiU jiresjture nre somewlial larger, but approach iV of a degree 
only at 300" C. 

* PhiL Tr4ifi9. vol, c rliv, j», 
t /Wf/. vti). rXl, (I, 570* 
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Deviation from Boyle'e Law. — ICiirly experiments on the 
permanent gases (as they were then known) ijulitalwl that 
there were small deviations evident to a pliysicist, but not of 
importance to engineers.; but now that dir is compressed to 
pressures as high as 2500 pounds per s(|uare inch, it becomu 
necessary to take account of such clcvmlions in onginecrltie 
practice. 

Perhaps llic best conception of this subject, and of the four 
recognized slates of lluids, can be hiut from u consklenillon 0/ 
Andrews’ * experiments, which for the present pur|)osc are con» 
vcnlcnlly represented by liis isolhermiil curves, wliich are rcjirtt* 
cluccd in Fig. 39a, together with the curves for air. '{'he latter 
arc approximate hypcrbolrc referred to the proper axes, that 
for zero pressure being nearly the whole height of the diugram 
below the figure as it is drawn. At .i 8 ®.i C., tlu* isothermal for 
carbonic add shows a marked deviation from the hyjjerbola, m 
may be seen by comparison with the curves for iiir, or better 
from the fact that a rectangular liypcrbola through /’ will 
through Q. On the other hand, the isothermal f<»r 1 3®. 1 resem- 
bles that for steam, which is commonly known as a saluraled 
vapor whose pressure is constant nl constant 
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tJan; near tiu* iriiual lemprralure llu* deviaiinriH frcim 
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Rontgen’s Experiments. — Dirtrl fApcrlmcnts lo dcieroilBC 
K may Ijc made as follow.s. Suppose that a vessel is filled wllh 
air at a pressure while the prc.ssure of the atmosphere is /t,. 
Let a communication be opened with the atmosphere suflldoQt 
to suddenly equalize the pressure; then let it be closed, and lei 
the pressure />, be observed after the air has again attained the 
temperature of the atmosphere. If the fir.sl operation ia su(ll<' 
cicntly rapid it may be a.s.siimed lo be adiabatic, and we nmy 
use equation (77), from which 


^ Pi ■ •.HP« ^ 

log v„ • • log V, ' 


* (9t| 


The second operation is at con.slanl volume; conscquenllj; 
the specific volume is the same at (he final stale as ttficr tl» 
adiabatic expansion of the first operation. Hut the iniUal imil 
final icmpcratiircs arc the .same; am.sc‘<(uenlly 

^Ipl ^'»p3> 

iog V„ - log V, ^ log p, - log fit, 

y. 

which substituted in c(|ualion (91) gives 


■i 
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log - log p, 
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TI]^ same experiment may be made by rarefying thd vdt Ja 
the vessel, in which ease the sign of the second term 
Rontgen* employed (his method, using a vessel cont4lHrtag 
70 litres, and measuring the pressure wiih a gauge ^ 

the same principle as the aneroid Imromcler. Instead of 
ing the pressure at the instant of closing the sloi>cock lo te 
that of the almasphcro, he measured il with (he same fnsifUcn^iiL 
A mean of ten experiments on air gave 


1 


.J 


K i.<to53. 

♦ PoggeitdorP's Amiolcn, vol. cxlvlli, ji. 580. 
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EXAMPLES. 

1. Filul llic wciuhl <*f .| cubic inclrc.'! of hyclroRCU lU 30® C., 
and under ilic pressure of 800 mm. of mercury. Ans. 0,3*11 kg. 

2. Find the volume of 3 pounds of nitrogen at u prcs.'mrc of 
.(5 pounds to the scpinre inch by the gauge and at 80° !■’. Ans. 
I r.05. 

3. Find the lemperalure at which ctne kilogram of air will 
occupy one tubii' metre wlien at a pressure of 20,000 kilograms 
))er s()uare meire, Ans. .jio®C. 

.p Oxygen and hydrogen are lo be stored in tanks 10 inches 
in diameter and 35 indies long. At a maximum temperature 
of no® ]*’., the pre.ssure must not exceed 250 ]munds gnitgc. 
What weight of tixygen can be slorwl in one tank? What of 
hydrogen? Ans. Oxygen 2.21 ]ioun(ls. Jlycirogen 0.138 pound. 

5. A balloon of ia,ooo cubic feet capacity, weighing with ear, 
occujianl, etc., 6(15 pounds, is inllated with 9500 cubic fed 
hydrogen at 60® F., the liaromcier reading 30 inches. Find 
ilie weight of the hydrogen and the jnill on the anchor rope; 
find also the amount timl the balloon must be IfglUcncd to reach 
a height where llie barometer reads ao inches, and the tempera- 
ture is JO® below zero I'ahrcnhcit. Ans. Weight liydrogcn 
50..I pcumcis; [iidl on rope la pounds; balloon lightened 7.5 
])(iunds. 

6. A gas-receiver holds i.| ounces of nitrogen at ao® C., and 
under a jiressiire of 39.6 Indies of mercury, flow many will it 
hold at 32®!'., and iii the normal pressure of 760 mm.? Ana, 
15.18 ounces. 

' 7. A gas- receiver liaving the volume of 3 cubic feel conlains 
half a pound of oxygen at 70®!''. What is the jircasurc? Ana. 
29.6 jiounds per stpiare inch. 

8. Two cubic feci of air expand at 50® F, from a iiressurc 
of 80 pounds lo a ))rcasurc of 60 pounds by the gauge. What 
is the external work? Ans. 6,|6,| foot-pounds. 

9. Wlnil would have been the external work had the air 
cxfiiuKled ndiabalically? Ans. ,1450 foot-pounds. 
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10. Find the external work of 2 pounds of air which expand 
adiabalically until the volume is doubled, the initial pressUKt 
being 100 pounds absolute and the initial Icmperaturo 100* P. 
Ans. 36,100 foot-pounds. 

11. Find the external work of one kilogram of hydrogen, 
which, starting with the pressure of 4 atmospheres and with lH» 
temperature of 500® C., expands adinbatically till the lctnpeni< 
ture becomes 30° C. Ans. 489,000 m.-kg. 

12. Find the exponent for an exponential curve paaaing 

through the points p = 't' = Pi *= i5> ®" 9*fi‘ 

Ans. 0.4279. 

j. I, 13. Find the exponent for a curve to pass through the polnlti 

r /r = 40, V = 2, and Pi = 12, Vi = 6. Ans. 1.0959. 

14. In examples 12 and 13 let p be the pressure in pounds Ott 
tlio square inch and v the volume in cubic feel. Find the oxiorrtal 
work of expansion in each case. Ans. 21,900 and ia,oto foot" 
pounds. 

15. Find the intrinsic energy of one j)ound of nitrogen undflf 
the standard pressure of one atmosphere and at frcczlng>}Kiblt 

( 2 ^ of water. Ans. 66,500 foot-pounds. 

16. A cubic foot of air at ,492.7® F. exerts 14.7 pounds ga(lg» 

"f/ > ^ prcs.surc per square inch. How much do its internal energy ftad 
Fv-'^'^J^^its entropy exceed those of the same air uiulcr .standard codtU* 
"Tv' tions? Ans. 5052 foot-pounds; .00912 units of entropy. 

17. Find the increase in entropy of 2 pounds of a perfect g&S 

during isothermal expansion at 100® F. from an initial presaurtt i 
of 84.3 pounds gauge and a volume of 20 cubic feel to a fiaal ^ 
volume of 40 cubic feet. Ans. 0.453. ' ^ 

18. A kilogram of oxygen at the [ircssurc of 6 almoapUtuhw 
and at 100® C. expands i-sothcrmally till It doubles its vollimiii. 
Find the change of entropy. Ans. 0.0434. 

19. Twenty pounds of air arc heated at a constant prcssilfri& 
of 200 pounds absolute per square inch until the volume incrcatW 
from 20 cubic feet to 40 cubic feet. Find the initial and 
temperatures, the change in internal energy and llic increase itt 
entropy. How much heat is added? Ans. 80® and 
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increase of intrinsic energy 1,420,000 foot- pounds; increase in 
entropy 3.29; heat 2570 n.T.u. 

20. Suppose a hot-air engine, in which the maximum prcssui'c 
is 100 pounds absolute, and the maximum temperature is 600° F,, 
to work on a Carnot cycie. Let the initial volume he 2 cubic 
feet, let the volume after isothermal cx])ansion be 5 cubic feet, 
and the volume after adiabatic expansion be 8 cubic feet. Find 
the horse-power if the engine is double-acting and makes 30 
revolutions iter minute. Ans. 8.3 horse -power. 


CHAPTER Vr. 

SATURATED VAPOR. 

For engineering purposes steam is generated in a boiler wKlch 
is partially filled with water, and arranged to receive lioat from 
the fire in (he furnace. The ebullition is usually energetic, ntic[ 
more or less water is mingled with the steam; but if there h £1 
fair allowance of steam space over the water, and if propcf 
arrangements arc provided for with drawing the steam, it ^vlLl 
be found when tested to contain a small amount of water, UfiU« 
ally between half a per cent and a per cent and a lialf. Steam 
which contains a considerable percentage of water i.s pavssctl 
through a separator which removes almost all the water. Such 
steam is considered to be approximately dry. 

If the steam is quite free from water it is said to be dry and 
saturated; steam from a boiler with a large steam space and 
which is making steam very slowly is nearly if not quite dry* 

Steam which is withdrawn from the boiler may be healed Lo a 
higher temperature than that found in the boiler, and is then aald 
to be superheated. 

Our knowledge of the properties of saturated steam and other 
vapors is due mainly to the experiments of RegnauU,* who 
determined the relations of the temperature and pressure, tho 
total heat of vaporization, and the heat of the liquid for nmny 
volatile liquids. Since his lime, Rowland’s dclerminaLioU of 
the mechanical equivalent of heat, gave a nrorc exact clctcrn^|« 
nation of the specific heat of water at low temperatures, and 
recently Dr. Barnes has given a very precise determination of 
that property for water. Again, certain work by Knoblauch, 
Linde, and Klebe, has given us a good knowledge of the properties 

♦ MSntotres de rinstUiH de Freneef etc., tome xxvf. 
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of supcrhcnlcfl sloun which can Ijc extctidcd (o give ihc specific 
voluttic of siilunilcd sleiim over <i considerable range of Icmpcr- 
iUtire. AL llie lime when tlic firsl edition of this work was pre- 
pared it appeared desirable lo compute lablcs of llic properties 
of saturated vajior, taking udvanlagc of Rowfand's work, 
and eliminating some uncertainties due to the way in winch 
Regnaull used his empirical ccpiations in coniputaling laities. 
Ah all this involved changes of sull'icient magnitude lo influence 
engineering cominilalions, it seemed necessary to quote I he 
original data at length and to give compulations in detail. This 
introduction to the chaiaer on saluruled vapors was found lo be 
ftomewltul confusing to students reading it for lire first lime, and 
since the main points are now intinmonly accepted, this work is 
given only in the introduction lo the “'I'ables of the I’rojterlies of 
Saluruled Steam,” the reason for printing it heing that it i.s not 
given elscwliere, as the earlier e<lilion.s have pjis.Hefl out of print. 

Recent correction of the absolute leinpcralure of the freezing- 
point of wilier liy Callendiir and the dcterminiilloii of the specific 
heal of water by Ikrnes make it necessary lo rccominilo the 
“'rabies of the 1 ’ropt‘rlie.s of Saturated Steam*’ which arc 
iiuentled lo accompany this Iwok, and opportunity is taken to 
introduce furthei' rlala in those tables, and in addition a tabic 
1ms been i>repured which will be found lo greatly facilitate calcu- 
laiioiia of adlaiiatle changes of steam ami water. 

Presauro of Saturated Vapora. — Regnaull expressed the 
results of his expcrimcnl.s on the temperature and piessurc of 
saturated vapors in the form of the following enn>irical equation, 

log p ««> a d- bn" H- c/J" (94) 

where p la the pressure, 11 is the icmiteralurc mlnua the temper- 
ature f„ of the lowest limit of the range of temperature lo which 
the equation applies, i.e.i 

n l:.® / — 

The consianls for the above equation as applied lo saturated 
fiicnm have been recomputed and reduced to the latitude 0/ .15®, 
and arc na follow: 


mm. of mercury, 

log ^ M ll ** • 

lagi b ^ 

€ *«* ‘ 

lcig(nr <«• 

^og /J «» o,«ks<>I^ 4I 

II *« / 

C. For stenm from loo® lo aao** C. rsprming ilic jircssurc In 
mm. of mercury, 

0 " s-isr^?*" 

lag h « 

log c *« 7.7.11^?^^! 

log <1 «» 0*00 7^1 
log^ ®* Q.007M ll^< 

M *« I - lea 


J5i. For sleam from 33* lo 31 a® R In iKiiintls i>er M|imrc inch, 

fl •» 3 »OiSO^*^ 
log o«0ii7»iaa 
log c <» 8. i^ioi ici 
logrt ®» Q.oo8il8ioif 10 
log ^ 0.00381 34 

II «g / ^ 


C,. For steam from aia® to 438“ F. in iiountia (icr st|um 
inch, 

« “ 3 7 <I 3076 
log If Ml o.iiiaooiK 

log c «« 7*7.||6A *- 10 
log Of « g.o^SdiEji Id 
log^ «« o.oaia 454 
nm I ^ aia 


Pressure of Other Vapors. — Rcgnault clelermlnal also the 
pressure of a large number of salumtwl vapors al wrimw tem- 
peratures, and deduced equations for each in the form of equa- 
tion (94). The equations and the constants m delermlnwl by 
him for the commoner vapors arc given in the following loblci 



Wi* 

a 

6 

0 

Alcohftl 

I'.lhtT 

Cliloroform 

Cariion bisul|>tiKlc . . 
f'nriioii Klracliloridc 

fj - f- efr 

(t 1- /'a'* • * CfT 

n /ri” - ' efi'* 

a - ' fn\^ ‘ ' r/?‘| 

a -* h(\”* efi 

5.4563038 
5.03B6398 
5*^253893 
5,4011663 1 
ia.cx) 633 . 3 f 

98099 60 
0.0002384 
3.9531381 
3.4405663 

y.i 375 »^o 

o.oi 8 S 3<)7 

3 . iooOmo 
0,0668673 
0. 285 73S3 
. 1 . 0674800 



log r» 

log/! 

1 “ 


Alcoluil 

T.fWVO^SS? 

T. 0400.185 

/ h 20 

— 20^ 1- 150*^ C. 

I'blier 


r.opOByy 

/ *)• 20 

— 20®, -)• 120® c. 

Clilorofonn 

f. 0074 i.M 

1,0868176 

( — 20 

I- 20®, -H i6.»® C. 

C!nrl}oa biRul[)hldc . . 

T. 0077628 

T, 90 hQ 07 

f “!• 20 

~ 20®, -I- 140® C. 

C'urbon lutrnclilorUlc . 

T,<)0(;712o 

1,9949780 

t 1* 20 

— 20®, -1- 18R® C. 


Zcuncr* suites llml llierc is a slight error in Regnault’s cal- 
ailaiion of the constants for accion, and gives instead 

log 1/ — ( hx ^ -h 

a soo^S'n9; 

, Ui^ha^ ^ ‘bo, 53 1 3766 — 0.00361.18(1 

logo^'* -0.96.J5333 - 0.0315503 /* 

Differential Coefficient ^^.— I'rom the general form of 

Ui 

equation (g.;) we have ^ 

log. fid' ')• “ /w“ -I- cp' (95) 

M being the modulus of the common system of logarithms. 
Differentiating, 

or, reducing to common logarithms, 

... wit ^ An” -h Bp”, 

p (it 


♦ Mechdnhcha 


h'rcnch 


B. For o® lo loo® C., WWW. oC n\crcury» 

log/l 8.8512720 - 10: 
logB - 6.69305 - 10; 
log Of, *« 9.996725828 10; 

log /?, *=» 0.006864 1' 

C * For 100® to 220® C.» mill, of mercury, 

log /I - 8.5495^5^ ~ 
log B 6..W3t ^<5; 

log o, =* 9‘9974ii39rj - lO; 
log ^1=** 0.0076418. 


EiiS^lhh Units. 

B|. For 32® to 212® F., pownils on Ihc s^unre Inch, 
log /I « 8.5960005 — 10; 
log B ^ 6,4377ft 101 

log «2 « 9.998181015 - 10*, 
log « 0.0038134. 

Cl. For 212® lo 428® V.t pouiiOs on iho sc|uiiro Inch, 

log /I «= 8.294343-1 ~ ^<3} 
log B o. 09403 “* to; 
log «, “» 9.998561831 — lo; 
log j9 , o.oo 4 « 454 . 


It is to be rcrnarkcci that ~ may be found appro.\'imalcly 
by dividing a small difference of pressure by the corresponding 
din'crcncc of tcmperalurc; that Is, by calculating With a 


table for even degrees of temperature we may calculate the 
value approx’matcly for a given temperature by dividing tliu 
difference of the pressures corresponding to the next higlicr and 
the next lower degrees by two. 

The following table of constant.^ for the .several vapors namt-tl 
were calculated by Zeuner from the preceding equations for 
tcmperalurc and pressure of the same vapors; 
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Standard Temperature. • It is rusttutiary to refer all calcu- 
Iiilions for {fiitifs to liie sliindard conditions of liic pressure of 
tlic ulinosjiliere (7O0 nun. of ineiTiiry) and to tiie frecziiif'-point 
of water. Formerl)' tlie freezittff- [joint was taken as the stamlurd 
(einpeniliiri; for water and .steam as even now it is the initial point 
for tables of the properties of satiiratefi va()or.s. lUil the invc.sti- 
fjalion of the meeltanieal equivalent of heat by Rowhnrl resulted 
hi a fk'terininiition of the speeilic heal of water w’itli Jinicli greater 
delicacy ibnn is [UJKsiblc by Rcgnuiill’s method of mixliircs, and 
showed lliat freezing-point is not well adapted for the standard 
teinperttlurc for water. It has been the habit of physicists 
for niiiiiy years to lake 15® C. as the standard temperature, 
and tliis corresponds sulistantially witli 02° F., at which the 
I'higlish units of measure are standard. Professor Callenclar 
recommends 20° Cl. as the standard temperature which would 
make a variation of ahoiil lAn in the value of the mechanical 
ccittivftlenl of heal and in the specific heat of water. 

Mechanical Equivalent of Heat. — The most authoritative 
determination of the lueciianlcal cciuivalcnt of heat apiicars to he 
that by Rowlajtd,* from which the work rcf|uire<l to raise the 
temperature of one [Joimd of water from 62° to 63° F. is 

778 foot-pounds. 

This la equivalent to 

if 27 metre kilograms 

in the metric system. Since his e-xpcrimcni.s wore made this 
important pitysical constant lias lx;en investigated by several 

* * Pnic. Am. AciiJ., vol. XV (N. S. vjl), 1870. 


illiU 1 

made after a recomparison of his thermometers. The conclu^ 
sion appears to be that his results may be a little small, but tho 
differences are not important, and it is not certain that the con** 
elusion is valid. There seems, therefore, no sufTiciont reason for 
changing the accepted values given above. 

Heat of the Liquid. — The most reliable determination of tho 
specific heat of water is that by Dr. Barnes,* who used au electrical 
method devised by Professor Callcndar and himself, and who 
extended the method to and below freezing-point by carefully 
cooling water without the formation of ice, to — 5® C. TWa 
method gives relative results with great refinement, and gives also 
a good confirmation of Rowland’s determination of the mcchnn* 
ical equivalent of heat. Dr. Barnes reports values of the specific 
heat of water up to 95® C. In the following table his results nro 
quoted from 0° to 55° C.; from 55° to 95® !\is results have been 
slightly increased to join with results determined by rccomput" 
ing Regnaiilt’s experiments on the heat of the liquid for water 
(which experiments range from iio^C. to 180® C,) by allowing 
for the true specific heat at low temperature from Dr. Barnes’s 
experiments. The maximum effect of modifying Dr. Bames’s 
results is to increase the heat of the liquid at 95^ by one- tenth of 
one per cent. 

SPECIFIC HEAT OF WATER. 
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Heat of the Liquid. — The heal reriuirefl lo raise one unit of 
weight of anj’ Jifjiiid from freezing-point to a given Icinperature 
is called the heal of the li(|uid at that temperature; and also at the 
corresponding pressure. Since the sirccific heal for water varies 
we may ol>lam tlic heat of tlie liquid by integration as indicated 
by the c{[iuuion p 


C(i( 


(96} 


In order to use this equation it would be necessary to oljlain 
an empirical equation connecting the specific heat with the 
lemjierature; such an ctjualion has not been proposed and would 
probaldy be comjdex, Another method is lo draw a curve with 
(cmpcralurcs as abscissjc and s(jccific heats as ordinates and inte- 
grate grapliically. 'J'he fact that the specific heal is nearly 
cc|mil to unity at all temperatures am! that conserpienlly the heat 
of the liquid for (he Centigrade thermometer is not very different 
from the ictnperiilurc suggests the following method: 

Let c ® I -I- k 

when k Is the difference between the specific heal and unity at 
any temperature, k being positive or negative as the ca.se may be. 

q I -i f Mi (g?) 


whtclt may be obtained by plotting values of k as ordinates and 
integrating graphically, which wilt have the advantage that the 
required curve may be drawn lo a large scale and give correspond- 
ingly accurate results. The values for the heal of the liquid for 
water in the "Tables of the Properties of Saturated Steam *’ were 
obtained in this way. 

The following tabic gives equations for the heats of tho liquids 
of other substances than water, determined liy RegnauU. ^ 
IlKAT OP THE UQUll). 

Alcohol 9 ». 0,5175*1 < T . 

o . 00000 

Kthcr o. 5200 r / 0.0003959 

Chloroform 7 - 0.13135 <-(• o.oooojo? F 

C/irIx)ii )))s»)phl(lo , , , * 1 . . » 1 f) 0,2353^ / 0.0000815 r 

Cnrlxxi UMrnchloride 9«»o. 1979* ^ 0.0000900 < 

Acclon ^ « 0.50643 i -V 0,0003965 r 


I JR' ln-ilL IVH nnji , 

dilTevcntuiviun; ftiv csiimnk*, ihc succilu- IumI ft*r <»Unluil L*t 
c “ 0.5.17 5 -» 1 0.00a 3.1/1/ 1 0.00000(1/118/’ 

Total Heot. urm is (it'fmcel ns ihf Iu-jU rt-MuIrctl to ! 

raise a unit. <>( weight of water from free/ing (Miini l(» a given | 

tcmi)craliirc, niul lo entirely rvajionite it mi llun lemiHTaivirCi 
The experiments made hy Regnnull were in the reverse cmlori 
that is, steam was led from a boiler i«l«» the i tilnrimcler ajid 
there condensed. Knowing the Initial nnt| finiil wrighUi of 
the calorimeter, the temperature of the sUvim. nn«l the Iniliiil 
and final icmpcraliires of the water in the tai«*rimrlrr, he was 
able, after ajiplying the neceswary eorreetions, to t nUulalc the 
total heats for the several e,siK'rimenlK. 

The results from these experiments are rrprr«irhlrt| hy the 
following ctiiuuions: 1 

For the metric .system, i 

.// 606.5 0-305 f 

For the Englisli .system, 

U 1091.7 I" 0.305 (/ 33) , , . (09) 

An investigation of the original cxfwrimrntal reaiilts, 1 
allowing for the true apccffic heal of the water in the ralorlmclcr, ' 
showed that the probable errOht of the melliixl of determining 
the total heal were larger than the deviations of the true ft|«.*cific | 
heats from unity, the value assumed by Regnaiiif: niul, further, j 

it appeared that his equation represents our Ik^I knowlctlge of 1 

tlie total heat of steam There appear* to Itc no reawm for | 

changing this equation till new cxpcrimcnial t'ahiw shall lie 1 

supplied. The deviation of Individual cx|Hrrlmontal result* | 
from corresponding computations by the ct|imlion b likely to be 1 

one in five hundred. There is further some uncerwlniy whether | 

the method of drawing steam from the boiler did not involve | 

some error due lo entrained moisture. 'I'lic btfsi t heck iifKin 
Rcgnauli’s resuha is a comparison with Knoblauch ‘t» work on 
superheated steam. 


Regnnull gives the equations following for other liquids; 


Killer 

(,'Iilorofonii . » . . 
C fir bon bisnliibidc . 
C'nrbon Icirnclilovldu 
Accion 


.7/*« f)*l +0.45/ -o, 00055556 d 

* 11 67 0.1375 ^ 

Jl ()o '1- 0.1.1601 / — 0,0004123/^ 

, J [ ^ 52 »h 0,14625/ — 0.000172/* 

. 11 140.5 -I* 0.36644 t - 0.000516/* 


Heat of Vaporization. — If the heal of the liquid be sub- 
tracted from the total heal, the remainder is called the heat of 
vaporization, and is roprcsenlcd l)y r, so that 

r <=> II ~ q (too) 

Specific Volume of Liquids, — The eocfiicienl of expansion of 
most liquids is large as com|)arcd with that of solids, but it is 
small as compared with that of gases or vapors. Again, the 
specific volume of a va[)or is large compared with that of the 
liquid from which it is formed. Consc(|Uently the error of neg- 
lecting the increase of volume of a liquid with the rise of temper- 
ature Is .small in equations relating to the thermodynamics of a 
.saturated vapor, or of a mixture of a liquid and its vapor when 
a considcraitic [tart ity weight of the mi.\ture is vapor. It is 
therefore customary to consider the s))ccific volume of a liquid 
O' to be constant. 

The following table givc.s the sijccific gravities and specific 
volumes of liquids: 

SlTtClKIC OltAVITlKS AND St’KCIl'lC VOt.lJMKS Ol' LIQUIDS. 


S)>c&inc VnUiMie, 


Cubic Mciros. 1 Cubic I^cei. 




Experiments were made by liirn’^ to cicicnnmc me voiumoa 
of liquid at high temperatures compared with the volume at 
freezing-point, by a method which was essentially to use them 
for the expansive substance of a thermometer. Ihc rcsulla are 
given in the following equations: 

SPECIFIC VOLUMKS OF HOT LIQUIDS. 


Wnicr, 

lOO° C. lo 200® C. 
(Vol. at 4® unlly.) 


Alcohol, 

30® C. lo 160® C. 
(Vol. at o® unity.) 


Elher, 

30® C. to 130® C. 
(Vol. at o® « unity.) 


Carbon Bisulphide, 
30® C. to 160® C. 
(Vol. at o® « unity.) 


Carbon Tetrachloride, 
30® C. to 160® C. 
(Vol. at o® ««• unity.) 


V “ I -h 0.00010867875 / 

0.0000030073653 P 
-h 0.000000028730422 P I 

— 0.0000000000066457031 i *\ 

I h 0.00073802265 t 
*h 0.00001055 23 J/’ 

— 0.000000092480842 r 

•H 0.00000000040413567 /• 

^ I 4, 0.0013489059 / 

4 - 0.0000065537P 

— 0.00000003.1.190756 P 
0.0000000C033772062 

V “ I H" 0.0011680559 / 

-h 0.0000016489598 P 

— 0.00000000081119062 
4 - 0.000000000060946589 

V I 'h 0.0010671883 / 

h 0.0000035651378/* 

— 0.000000014949281 I 

h o . 000000000085 1 8 23 1 ft / < 


i.ogarilhEtiii4> 


6 . 03614.15 

4.4781862 Itt 
I - 15 ^ 3^1 SO 
ft. 8225409 aw 


6.H685991 
.L 0 ^ 33401 * 
2 .g 6 r) 05 i 7 
0.606537ft 

7.1209817 - 
4.8164866 - 

0.5385571 - 


f© 

10 

!'» 

16 

I# 


7.0674636 la 
4.2172 roj 
0.9091339 i'« 

Q. 7^40404 ^ 


7.0382409 
4*5520763 
2 . 174620 * 
6303464 


I« 

9 # 


t 


Quality or Dryness Factor. — All the propcfllcs of aaliiralttd. 
steam, such as pressure, volume and heat of vaporization, dc{>C!nd 
on the temperature only, and arc determinable either by tllrcci 
experiment or by computation, and arc commonly taken from 
laldcs calculated for the purpose. 

Many of the problems met in engineering deal with mixture* of 
liquid and vapor, such as water and steam. In such problcim 
it is convenient to represent the proportions of water and alcam 
l>y a variable known as the quality or the dryness factor; III Lit 

* Annates Je Chimie ct de Physlqut, 1867. 


factor, .-v, is tlcfinctl as llial portion of a pound of the mixture 
which is steam; llic remnant, i — x, is consequently water. 

Specific Volume of Wet Steam. — Let the specific volume of 
the saluralccl vapor Ije and that of the liquid be o-; ilion the 
change of volume is s -- o' = ;f on passing from the liquid to 
the vaporous .state. If a pound of a homogeneous mixture of 
water and steam is ;v part .steam, then the specific volume may 
be represented by 


V = xs -1- (i 


XH + o- . 


where u is the increase of volume due to vaporization. 

Internal and External Latent Heat. — - The heat of vaporiza- 
tion overcomes external pre.ssure, and changes the stale from 
liquid to \'fipor at constant temperature and pressure. The 
external work is 

p (s — a-) ptt, 

and the corresponding amount of heal, or the external latent 
heat, is 

Ap (s — <r) Apit. 

The heat required to do the disgregation work, or the internal 
latent heat, is 

p oa r •— A pu (102) 

General Equation. — In order to apply the general thermo- 
dynamic method to a mixture of a liquid and its vapor, it is 
customary to write a dilTcrcnlial equation involving the tem-^*' 
perature l, the quality x, tlic siK'cific heals of water and steam c 
and /», and the heal of vaporization r; these three last properties 
are assumed to be functions of the temperature only. 

The principal result of llic application of the general method 
to such an equation is a formula for calculating the specific 
volume 5, ns will appear later. Following the general method, a 
special derivation of the formula for s will be given which may 
be preferred by some readers. 

When a mixture of liquid and Us vapor receives heat llierc is 



in general an incrLctsi: in ui 

vapor and in the portion i — -v of liquid, and there is a vaporittft* 
tion of part of the liquid. Taking c for the specific lical of the 
liquid and h for the specific heat of the vapor, while r is the heal 
of vaporization, we shall have for an infinitesimal change, 

dQ = hxdl H- c (i — x) dl + rdx ..... (103) 

Application of the First Law. — The first law of thernrto- 
dynamics is applied to equation (103) by combining it with 
equation (16), so that 

dQ = A{dE I- pdv) = hxdl + c (i — x) d( rdxi 

dE = ^ [hx + c (i — a:)] rf/ + ~ dx — pdv, 

A A 



Now V is a function of both t and x, as is evident from equation 
(loi), in which m is a function of /; consequently, 


Sv Sv , 

^ "si ^ 



But E being expressed in terms of I and x gives 

_ 8 ‘E 
^iBx 8xSl’ 

seta. 

Bearing in mind that all the functions but x and u arc functions 
of I only, the differentiation gives 

A Si Sx A dl dl Sx ^ Sx Si ' 



dv 

dx 


•=> i(. 


JUltl 


8^v 


so ihal Ihc above equation reduces lo 

'IL .\. c — h <=> Ah 
(ll II i 


. . (104) 


Application of the Second Law. — The second law of ihermo- 
dynamicH makes 

i>Q .. d<t> 


for a reversible i)roccs8, so ihnt the general ccjuation (103) may 
be reduced lo 

T T i 


lUU 


s^ sr SiSx' 

B //.v-h c ( I - -v) ... i /. 

^ 8; 3. 

T^~r 

h c <1^ 

/e ^ p 

dy 1 ^ 

■■■ • • 


(105) 


First and Second Laws Combined. — The combination of 
ccfuaLions (lo^i) and (105) gives 


r - AuT 


. . (106) 


c 


T-AT 


Special Method. ~ 1 he preceding c'qimlion may be obtaincq 
by a special mclIuKl making iiae of Iho 
' diagram abed in Fig, 30 which repre* 

scnla Carnot’s cycle for a mixture of 6 
liquid and its vapor, the change o( 
*’ icmperalure A T being very small. I^ol 
0 represent (he volume of one pound of 

SL. water at the icmpcratiirc 7', and b the 

Kio. JO. volume of one pound of siciiin iil the mudd 

temperature and pressure. 'Phe line rtj 
therefore represents the vn|)ori/.ation of one pound of water ftl 
constant temperature, involving the application of the Itcfttl ot 
vaporization r, and the increase of volume 


where s and «r arc the specific volumes of steam and water. By 
the second law of thermodynamics the efficiency of this cycle wdl 
be 

T-(T~AT) AT 

•y .y I 

so that the lical changed into work will be 

rAT 

r 

But by the first law of thermodynamics this heat ia cquh'alent 
to the external work, which in this ease is approximately equal 
to the increase of volume u multiplied by the change of pressufo 
Ap; consequently, 

A. 

Jy =• 


or, at the limit as AT approaches zero, 


r = AuT^ , 

dc 



specific Volume and Density* — The most important result of 
the application of the methods of thermodynamics to the prop- 
erties of saturated vapor is expressed by equation (106), which 
gives a method of calculating the specific volume; thus, 

+ + Co?) 

di 

The numerical value of ^ for water for French units is 0*001, 
and for English units is ~ = 0.016, nearly. The density, or 
weight of a unit of volume, is of course the reciprocal of the 
specific volume. 

It is of interest to consider the degree of accuracy that may be 
expected from this method of calculating the density of saturated 
vapor. The value of r de])cnds on H and q, the total heat and the 
heat of the liquid; the latter is now well known, but the total heat 
is probably in doubt to the extent of and may be more. The 
absolute temperature T appears to be better known and may be 
subject to an error of no more than jxhjs or and the mechan- 
ical equivalent of heat ^ is perhaps as well determined as the 
absolute temperature. The least satisfactory factor in the 
expression is the dilTercntial cocfTjcicnt which is derived by 

differentiating one of the empirical equations on pages 78 and 79. 
It is true that the resulting ccfualions on pages 79 and 80 afford a 
ready means of computing values of the coefficient with great 
apparent accuracy, but some idea of the essential vagueness of 
the method may be obtained by comparing computations of the 
specific volume of saturated steam at 212^ C.^ a point for which 
either equation or equation C, will give the pressure as 14.6967 
pounds per square inch* The specific volume by aid of equation 
(107), using equation Bi for determining the differential coefficient, 
is 26.62, while the differential coefficient from equation gives 
26,71; the discrepancy is about or if the mean 26.66 be taken 
as the probable value, either computed value is subject lo an 
error of 


Experimental Determinations of Spoclftc Volume. — • My far Iho 
best direct determinations of the vftUimes ol saturated 

steam arc those reported by Knoblatiel), I.inde, nnd Ktebe, m 
expressed by their characteristic equation for HUperhi'nled steam 
given on page no. These experiments determitlefl the pr«ai. 
sures for various tcm|)crnlurca at constant vttiume, and the 
re.sult 3 were so trcalcrl ns to give the volume nl HAluralinn by 
cxtcrpolation with great cerlniiUy. The folhnviiig Is a com- 
parison of specific volume determined My iliem iiiul volumes com- 
puted by equation (107), 

SPECIFIC VOLUMES OF SATtlRATEO STEAM. 
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Nature of the Speclflc Heats. — In the application of the gen- j 
oral thermodynamic method on page 88 the term A k Intro- j 
duced to represent the specific heat of miiuiratcd steam, and there \ 
Is some interest In tlxc doicrmlnaiion of the true nature of this, 
property, which clearly cannot be 11 8|)cclfic heat at ronatani 
pressure, nor a specific heat at constant volumo, since both prcMiUte 
and volume change with the temperature. The speeilic heat of 
the liquid c properly is alTectcd by the same conBideratlon, but i 
as the increase of volume is small and Is ncglcctwl in thermo- i 
dynamic discussions, the importance of the consideration la much | 
less. The specific heat h of saturated vapor is the amount of j 
heat necessary to raise llic temperature of one pound of the | 
vapor one degree, under the condition that the prcHsurc slinll ^ 



increase \vith the temperature, according to the law for saturated 
vai)or. 

Equation (105) gives a ready way of calculating the specific 
heat for a vapor, for from it 


h = 



r 


T 


Now r may be readily expressed as a function of I, and then 
(if* 

by differentiation may be determined. For steam 


r ^ li -- q ^ 606.5 “h 0,305 / — d- c {t— /i)], 


in which /i is the temperature at the beginning of the range, as 
given ])y the table on page 80, within which I may fall. There^ 
fore 


dl * 


0.305 - c , 


<and 




For other vapors the equations, deduced from the empirical 
equations for q and H on pages 83 and 85, arc somewhat more 
complicated, but they involve no especial difiiculty. 

The following table gives the values of h for steam at several 
absolute pressures: 

SPECIFIC HF.AT OF STRAM. 

Pressures, Jbs. pcr&qAn.^p 5 50 100 700 300 

Temperatures, F, . . . 162.3 aSo.9 3^7*6 381.7 417.4 

' Si>ec[fic heat, 7 i —1.30 ““O.93 —0.82 —0.70 —0.63 


The negative sign shows that heat must be abstracted from 
saturated steam when the temperature and pressure arc increased, 
otherwise it will become superheated. On the other hand, 
steam, when it suddenly expands with a loss of temperature and 
pressure, suffers condensation, and the heat thus liberated sup- 
plies that required by the uncondensed portion. 


Xlirn VlTIIlLtJ UILH s*? moain 111 ? 

a cylinder with glass sides, \vhrrfMl“»i» ihe ilrar MturAird slcaai 
suffered partial ctmdeitsaiUm, as intluiUrtl he the furmaiiun o( ^ | 

cloud of ruial. The reverse of lhi"» I’^ju rimenl ^hownl thatsicant 
docs not condense with sudden e<*fn|irrs.aiui». ««i nhinvi) by Cajjb. | 

Ether Itns a positive value for A. ihe ihwiry indleau^, & I 

cloud is formed during sudden earnpre.’idwn, hut not ilurings^* 
den expansion. 

The table of values of h for steam a noiahle decrem 

for higher lempcrntiircs, which intliniir» « |mint <if inversion at 
which h is zero and above which A In jH»siiivr, hut the tempera* 
turc of that point cannot be deicrmincil freun our rx{»erimcntal 
knowledge. For chloroform the |M»ini of invet’iinn was calctt* 
lated by Cazin t to be ta3®,.|8, anti <leirrmln«l rs|*frirornullyby 
him to be between 135® and The tlistrettamy vs mmtly \ 

due to the imperfection of the npimrAiiisr ivwl, which sutjstiiutcd \ 
finite changes of considerable mngniliitfe ftif the Intlcfinitely 
small changes required by the theory. 

Isothermal Lines. — .Since the pressure tif sniurnied vapor b a 
function of the icmjicraiurc only, the irtoihermal line «| a mixture 
of a liquid and its vapor isu line of consiani prc*»«ure, fmraliello 
the axis of volumes. Steam expanding from the boiler Into the 
cylinder of an engine follows such a line; tlwii K the steamdine ' 

of an automatic cut-off engine with ample (mris Is nearly fuirallo] i 

to the atmospheric line. 

The heat required for an increnae of volume ni constant press- 
ure is 

Q ™ r (.V, - .e,) (io8) 

in which r is the heat required to \ivi)orl»c one fxnmd of lic|uid, 
and x^ and arc the initial and final qualliicit, so ilmt -v, »i 
is ilic weight of liquid vaporized. 

The external work done during an isothermal expansion 1 # 

W ^ p (V, ~ V,) p,t (x^ ^ ,v,) .... (ro(|) 

* bulletin do la SociU6 hid, MulhoHMt cxsidK. 
t Compics reiidus do fAeadSmto da SnUnta, l»H. 


Intrinsic Energy. — Of the lical required to naise a pound of 
any liquid from freexing- point to a given temperature and to 
conijjlctcly vaporize it at that temperature, a part q is required 
to increase the temperature, another part p is rcquirctl to change 
llic slate or do clisgregation work, and a third part /I pn is required 
to do the external work of vaporization. Consequently for com- 
plete vaporization we may have, 

Q ■= d. (5 -I- 7 -|- W) — q-V p -h Aim = 77. 

For partial vaporization the heat required to do (he disgrega- 
lion work will be xp, and the heat required to do the external 
work will be A{fXU; Tlicrcforc the heal required to raise a pound 
of a liquid from freezing-point to a given temperature and to 
vaporize x part of it will be 

Q — q xp -I- Apxu — A{E -|- W) 

where E is the increase of intrinsic energy from freezing-point. * 

It is customary to consider lliat 

^ (.v/> 'h j) (no) 

represents the intrinsic energy of one unit of weight of a mixture 
of a liquid and its vapor. 

Isoenergic or Isodynaralc Lines. — If a change of a mixture 
of a liquid and its vapor takas place at constant intrinsic energy, 
the value of 7iwill be the same at the initial and final conditions, 
and 

5 , — y, -h ■= o . . . . (ni) 

which equation, with the formulas 

V, •= X^U, -h <r; Vi = X^U, + <r , . , . (lia) 

enable us to compute the initial and final volumes. If desired, 
intermediate volume corresponding to intermediate Icmpcrnture 
can be computed in the same way, and a curve can be drawn 
in the usual way with pressures and volumes for the coordinates. 

for example^ if a mixture of iV steam and ikf water expands 


isocncrgically from loo poiinch nlmilMU- in 15 jwHmiN aliaoluio, 

Ihc final caudilion will he 






0 - 9 W. 


The inilkl and final specific \i»lMmt'» are 

Vi <- .ViM, d- (T ■ * 0.9 - a.atft) r o.piO - pf,6.|; 

V, .v,i<j h <r ^ 0'9.V)5 o.oiM i - J-l.j-p 


The converse problem rerpitrinK ihe (>rcH-urr i».rrc’*|Minding lo 
a given volume cannot be solverl cllret ily. i he only method 
of solving such a problem is to iis^urne a proliable final pnsawc 
and find the corresponding volume; ilien. if nete%>»ary, assume 
a new final pressure larger or smaller as may Iw renuircd, ami 
solve for the volume again; and so on until the tlcaire«l degree 
of accuracy is oblainctl. 

This method docs not give on expHiit eriuation connecting the 
pressures and volumes, but it will be found on ifinl ihni a curve, 
drawn by the process given ttlmvc can be reprewnted fairly well 
by an exponential cciualitm, for which the exjKmrni can be 
determined by the method on page 6 fi. 

Having given or determined the Initial and final vtilutmss, the 
exponential ccpiatlon may be determined, and then the esleraal 
work may be calculated by the equation 



For example, the exponent for tlic equationL representing the 
expansion of the above problem is 

„ Jssjooj::;:^ logjj_ , q.. 

log V, - log Vi log ad. 54 log j|.q64 

and the external work of expansion Is 
Lq°,x .M 4 X 3 : 5 ^ 1 ; j _ /a AA 



w 


(Mm \ 

1 j «» (00,000 ft. -lbs. 



Since there is no change in the intrinsic energy during an 
isoenergic expansion, the external work is equivalent to the lieal 
applied. Thus in the example just solved the heat applied is 
equal to 

100,000 -r 778 = B.T.U. 

There is little occasion for the use of the method just given, 
which is fortunate, as it is not convenient. 

Entropy of the Liquid. — Suppose that a unit of weight of a 
liquid is intimately mingled with its vapor, so that its tempera- 
ture is always the same as that of the vapor; then if the pressure 
of the vajjor is increased the liquid will be healed, and if the 
vapor expands the liquid will be cooled. So far as the unit of 
weight of the liquid under consideration is concerned, the pro- 
cesses arc reversible, for it will always be at the temperature of 
the substance from which it receives or to which it imparts heat, 
i.c,, it is always at the temperature of its vapor. 

The change of entropy of the liquid can therefore be calculated 
by equation (37), 

rf</> - 

which may here be written 




On page 83 it is suggested that the specific heat of water for 
temperature Centigrade may be expressed as follows: 

r = I + 


whore ife is a small corrective term that may be positive or negative 
as the case may be. Using this correction, equation (113) may 
be written 






Ill 


III 




wM 


kif’m. ®T&v 


i nc lirst term cun ul uuv^iuivvi ui , 

second term, which is smull, niu be dcli-rmitusl gmiihicall)', $o 
that llie expression for cnlropy of wilier becomes 


T C dt 

^ “• d- / ^ y. • • 

Jo *'ftl J 


The columns of entropy of water in the Uvblcs were ileicrmlncd 
in (his manner. 

In ttlic discussion of entropy on page 31 it wiiH pointal out 
that there is no natural zero of cniropy {•orrespojuling to the nbo* 
lute zero of temperature. It is customary to (real the frccitlng* 
point of water as the zero of cniropy both for i hat liquid and 
for other volatile liquids; some Ikiultls ihereforo linvt,* itegativc 
entropies at icmpcraiitrcs below freezing-point of water in the 
appropriate tables of their |iropcrlica. 

For a liquid like ether which has the heal of the litjuUI repre- 
sented by an empirical equation, 

q => 0.53901 I -I- 0.0003059 /’i 

the specific heat is first obtained by clifTcrcnliatlon, giving 

c «= 0.52901 + 0.0005918 /. 

Then the increase of cniropy above that for the freezing-point of 
water may be obtained by aid of equation (1x3), which gives for 
ether with the French system of units, 

+ 0.0005918 (T - 973) j 

^”Xm (°; 367 o~ +0.00059181//); 

6 ^ 0.0005918 (T - 273) + 0.3670 log, -JL; 

373 

^“0.0005918/ + 0.3670 log, X („f,) 

273 






For temperatures below (he freerang-point of water, equation 
(ii6) gives negative numerical results. 

Other lifiukls for which equations for the heat of the liquid 
arc given on page 83, may be treated in a similar method. 

Entropy due to Vaporization. ~ When a unit of weight of a 
liquid is vaporized r thermal units, equal to the heat of vaporiza- 
tion, must be applied at constant temperature. Treating such 
a vaporization as a reversible process, the change of entropy may 
be calculated by the equation 

<fl — w ^ 

This property is given in the “ Tables for Saturated Steam,” 
but not hr general for other liquids. 

Entropy of a Mixture of a Liquid and its Vapor. — The increase 
in enlroiryduc to healing a unit of weight of a liquid from freez- 
ing-point to the temperature l and then vaporizing x portion of 
it is 


where 0 is the entropy of the liquid, r is the heat of vaporization, 

and T is the absolute temperature. For .steam may be taken 

from the tables; for other vapors It must usually be calculated. 
For any other slate determined by .r, and we shall have, for 
the increase of entropy above that of liquid at freezing-point, 



The cliangc of entropy in fwwsing from one stale to another 
is 




7’ T, 


(117) 


When the condition of the mixture of a liquid and its vapor 
is given Ijy the pressure and value of x, then a table giving the 
propertic.s at each /wiml may be conveniently used for this work. 




o 


gives 


x,r 


I 0, 

* 1 


r. 


. (n8) 


When (he inilial sinle, <k(c'rmin«t hy -v, nntl /, af /»„ U known 
and (he rmal Icmpcnilvirc <.r (he (innl h •he nal 

ahic .V. may he found l.y eciuiKion ( m « )- “ir iniiial and m 


volumes may be calculnlctl by (he eciunium^ 

V, .v,«, h tr and i', • - ViUj 


(•• 9 ) 


Tallies of (he proiierlics of saiumtinl vrtj«*r lotumimly give (he 
siicclfic volume s, hul 

* .1 -- « 1 tt. 


The value of cr for water is o.oid, and h'r «*iht f li*inidi will b« 

found on page 85. , , , , 

For example, one pound of dry steam at jHumd'c absolute 

pressure will have (he values 

/j »» 3a7®.f> K.) r\ 884.0, .Vi ■" (• 

It the final pressure is 1 $ pounds nhsoUite, wv have 
(, ai3®.o I-'., r, «»» qds.i, 0 ^ o.ji4.(; 

whence 

* 78^3 *'* ® 

.v, q.8q<|. 


The initial and final volumes arc 

V, “»*> s, «»» 4*4® 

V, »» JC,M, T ff 33.4. 

Problems in which (he inilial condition ami the final («••'■ 
pcralurc or pressure arc given may be soIvm! dlrally hy aid of 
the jircccding ccpialions. Those giving the final volume Instead 


nialit>ns. An ccjunlion to an adiabatic curve in terms of p aiul v 
cannot be given, but such a curve tor any particular ease may 
be constructed point by ])oinl. 

Clausius and llankinc indcitendcnlly anti at about the same 
time dcduccil etpiations identical with equations (117) and 
(118), but by methods each of which tlilTcrccl from that given 
here. 

Rankine culled the function 


the lltcnnodynamic ftinclion ; Clausius called it entropy. 

In the discussion of the specific heat h of a suturatctl vapor, it 
appeared that the expansion of dry saturated steam in a non- 
conducting cylinder would be accompanied by partial conden- 
sation. The same fact may be brought out more clearly by the 
above iirolilein. 

On the Ollier hand, h is positive for ether, and partial conden- 
.salion takes place during comiircssion in a non-conducting 
cylinder. 

For example, let the initial condition for ether be 

/, ®=> JO® C r, => 93.12, 0 =■ 0.0191, ai, « j, 

and let the final condilion.s be 

/j 120® C., rj 72.26, (1, 0.2045', 

then .|. 0.6101 -|- 0.2045, 

^ 283 393 

and A-j «> 0.724. 

Equation (it8) applies to all possible mixtures of a liquid and 
Us vapor, Including the ease of o or the case of liquid ■with- 
out vapor, but at llic pressure corresponding to the temperature 
according to the law of saiiiralcd vapor. When applied to hot 
water, this equation shows that an expansion in a non-conduct- 
ing cylinder is accompanied by a partial vaporization. 
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There is some initial stale t>f llu' mixliiie such that the vtltl# 
of A' shall be the same at the beninniiiK uiul at (he end, though (l 
may vary at intermediate slates. 'Po liml that value make m 
Xi in equation (iiS) and solve for .v,, which ftives 



The value of .v, for .steam to fullil the cnndi(ion» given varii^ I 
with the initial and final iem[)erulures cho.sen, 1ml In any case it 
will not be much dilTerent from one half. It may (hcrefore hit 
generally slated that a mixture of steam and water, whca 
expanded in a non-conducting cyliiuler, will .show {mrilal cm i 
densation it more than half is steam, and purilal enifKiradoiili 
more than half water. If the mixture is nearly half wuler tUMl I 
half steam, the change must be investigated to determine wheUttt 
evaporation or condensation will occur; but In any ctise (hi \ 
action will be small. j 

External Work during Adiabatic Expansion. — Since no h^l j 
is transmitted during an adiabatic expansion, all of the Inirfiuk s 
energy lost is changed Into external work, so that, by ecimtkft \ 
(uo), 

VK » 22, - 22, «« -A (II , ~~ q, |. x,p^ - .v,/),) . . (ia4 


For example, the external work of one pound of dry stenn III 
expanding acliabailcally from loo pounds to 15 pounds sbidlltfl 
is 

• VP “ 778 (397.9 ~ i8i.8 -I- I X Hoa.a - 0.89.1 X 
VP “=> 130,3 X 778 «« 93,500 foot-pounds. 

Attention alioukl be called to (he unavoidable tlcfcci of 
method of calculation of external work during ndinballc tsxfnn*' 
sion, In that it depends on taking the filfTercnce 0/ 
which arc of the same order of magnitude. For example, (in 
above calculation appears to give four places of slgnlficntil 




while, as a mailer of fact, Ihc lotal heal H from wliich p is derived 

is afTcclcd by a probable error of or perhaps more. Bolh 
Ihc quanlilics 

?i -I- x^p^ aiwl (7, -I- XjPt 

have a mimcrical value somewhere near looo, and an error of 
is nearly cquivalcnl lo Iwo ihermal units, so lhat ihc probable 

error of the above ealculalion is nearly two per cent. For a 
wider range of lemjrcralnrc ihc ei-ror is lcs.s, and for a narrower 
range it is of course larger. This mailer should be borne in 
mind in considering iho use of approximate mclhods of calcula- 
tions; for cxam|)lc, the lemi)craUtrc-enlropy diagram lo he dis- 
cussed later. 

The adiabalic curve cannot be well rcprescnlcd by an o,\'po- 
nonlial equation; for if an exponent be determined for such a 
curve passing through points representing the initial and final 
stales, it \vill he found that the exponent will vary widely with 
dirfcrcnl ranges of pressure, and still more with different initial 
values of .vj and that, further, the intermediate points will not be 
well rcprescnlcd by such an cxponcnlial curve even though it 
passes through the initial and final points. 

This fact was first pointed out by Zciiner, who found that the 
most important element in determining n was .v„ the initial con- 
dition of the mixture, lie gives the following empirical formula 
for determining n, which gives a fair approximation for ordinary 
ranges of temperature: 

« 1.035 *1* 0.X00.V1. 

There docs not appear lo be any good reason for using an 
exponential equation in this connection, for all problems can be 
.solved by the method given, and the action of a lagged steam- 
engine cylinder is far from being adiabatic. An adiabatic line 
drawn on an Indicator-diagram is instructive, since it shows 
lo tlic eye the dilTcrcncc between the expansion in an actual 
engine and lhat of an ideal non-conducting cylinder; but it can 





be iniciugeniiy umjr """ •‘>»v 

general purposen llio hyperbola h Hit- liesl curve f<»r eomparisoa 
with ihe expanaiuu curve of un indicalor tliagram* ftir ihc reason 
that it is the conventional curvcj and 5?* near enough to the curve 
of the diagrams from gotxl engines iti allow a jiraclica! engineer 
to guess at the probable behavior of uu engine^ from the cUagraitt 
alone. It cannot in any sense be coiiMdercil ii« the theoretical 
curve. 

Temperature-Entropy Diagram. --- If the entropies of the 
liquid and ihc entropies ol vaporization for Htenm arc plollcti wllh 
temperature for ordinates we Rct a dirtunim like 30a; very com* 

moniy iil>Holu(e lempcraturcs 
art* taken in <trnwing the (lift, 
griini in order to cmphnab 
ilif rfllc playctl Iiy absolute • 
lempcraturcH in the clcicr* 
minntidii of the ciTicicncy of 
('jirnnt 's cyt Ic. It would seem 
U-ticr to take the lempcraluro 
by the (cniignidc or ilio Fnh* 
rcnhcii liu'rmomcicr, as they 
arc* I lie luisb of Kicamotabicft, 
and the tcmpcraturc-cniropy diagram la the equivalent of such ft 
table. 

Now the entropy of a mixture containing x jwrt steam is 




0 + 4, I 

so that the entropy of a mixture containing .v fwri of steam can '| 
be determined by dividing the line such ns (h (which rcprcstmift 1 
the entropy of vaporization) In the provmr ratio. 1 

dc \ 

^ PBJ Xt i 

(h i 


It is convenient to divide the several linc« like rift and rfa Into 
tenths and lumdrcdlhs, and then, if an ndlabailc expansion is 


I 


represented by a vertical line like be, the entropy at c may be 
determined by inspection ol the diagram. Conversely, by noting 
the temperature at which a given line of constant entropy crosses 
a line of given cjualily we may determine the temperature to 
which it is necessary to expand to attain that quality, a determina- 
tion which cannot be made directly by the equation. 

When a temperature-entropy diagram is lused as a substitute 
fora “Table of the Properties of Saturated Steam,” it is custom- 
ary to draw the lines of constant quality or clrynes.s factor, and 
other lines like constant volume lines and lines of constant heat 
contents or values of the exi)rcs.sion 


the use of which will appear in the di,scu.ssion of .steam-engines 
and steam-turbines. 

To get a series of constant volume lines we may compute the 
volume for each quality ,T jj « 2 > A? « 3, etc., by the 
equation 

V ;V» -I- <r, 

and since the volume increases proportionally to the increase In 
.V, we may readily determine the j)obUs on that line for which 
the volume shall be whole units, such as 2 cubic feet, 3 cubic feet, 
etc. Points for which the volumes arc ccjual may now be con- 
nected by fair curves, so that for any temperature and entropy the 
volume may readily be estimated. 

Curves of equal heat contents can be constructed in a .similar 
way. 

If desired, a curve of temperatures and pressures can be drawn 
.so that many problems can be solved aj)proxiniatcly by aid of the 
comi)Ound diagram. 

At the back of ihl.s book a temperature-entropy diagram will 
be found which gives the properties of saturated and superheated 
steam. It is i)rovidcd with a scale of temperatures at either 
side, and a scale of entropies at the bottom, white there is a scale 
of prcs.surc at the right. 




! 


To solve a problem like iliat on [lage loo, i.e., lo find the quality 
after an acliabalic expansion from loo pounds iihsulutc to ij 
pounds absolute, and the specific voluinf at the initial anti fmaj 
stales, proceed as follows: 

From the curve of icmpcralurcs and pressures, select the lom. 
pcralurc line which corresponds to roo pounds ntui note wliotoit 
cuts the saturation curve, because it is aasumed that the alKira Ig 
initially dry. The diagram gives the uniropy as upproxiraalely : 
i.6i. Note the lemperalurc line whitdi cuts the tein|)eraiuro> 
pressure curve at 15 pounds, and esllmtilc the vnlito of x from lit -! 
intersection with the entropy line J.61; by this method the valutf j 
of A* is found lo be about 0,89. In like manner the volume may ; 
be estimated lo be about 23.4 cubic feel. 

Temperature-Entropy Table. — Now ibai the computation of 
isocntropic changes has ceased lo he the diversion of slutlenU 
of theoretical investigations and has become the necessity of 1 
engineers who are engaged in such mailers n.s the design of | 
steam-turbines, the somewhat inconvenient meihcKla which were | 
incapable of inverse solutions, have become somewhat Iniriion- 
some. A remedy has been sought in the use of u*mpcmUirc> 
entropy diagrams just described. Such a diagrtim to Itc really 
useful in practice must be drawn on «o licrge a scale as (o be very j 
inconvenient, and even then is liable to Inck accuracy. To mcfil 
this condition of affairs a Icmpcraturc-cn trojjy table lm» been coni' I 
puted and added to the “ Tables of the J’ropcriica of Saluralaf ! 
Steam.” In this table each degree Fahrenheit from 1 80® to 430* 
is entered together with the corresponding pressure. There 
have been computed and entered in ihc proper columns the 
following quantities, namely, quality ,v, tnal contents xr 4- q, and 
speci/ic volume v, for each hundredth of a unit of entrofty. 

In the use of this table It is recommended In take the nearest 
degree of temperature corresponding to the abHoluic presaura 
if pressures arc given. Following the Unc across the table select 
that column of entropy which corresponeJa most nearly with Ibo 
inmal condition; the corresponding initinl volume may be read 
directly. Follow down the entropy column to the lower temper. 


TEMPKKATURE-KNTROrV TABLE 
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alurc and then find llic value of .v and the specific volume. The 
c.xlernal work for adiabatic cxpiinsion may now readily be found 
' by aid of equation (120), page 102. As will appear later, the 
problems that arise in practice usually require llic heal contents 
and not the intrinsic energy, so that properly has been chosen 
in making up the table. 

Tor example, the nearest temperature to 100 pounds per sriuarc 
inch is 328° F.; the entropy column 1.59 gives for ;V, 0.995, which 
indicates half of one per cent of moisture in the steam. The corre- 
sponding volume is <1.39 cubic feel. The nearest temperature to 
15 pounds absolute is 213°]*’., and at 1.59 entropy the quality 
is 0.888 and llic specific volume corresponding is 23.2 cubic 
feel. 

Jf greater accuracy is desired we must resort to iiitcrpoialion. 
Usually it will be sufificient to interpolate between the lines for 
Icmjieraturc in a given column of entropy, because the quantity 
that must be determined accurately is usually the difjercncc 

x,r, -)- (f, - {.V/, -I- /?,) 

and this difference for two given temperatures q and q is very 
nearly the same if taken out of two adjacent entropy columns. 
A similar result will be found for the dilTerence 


^‘iPl 'I* ?l “■ {X]Pi "I" <Jj)i 


if computed for values of x found in adjacent columns. 

Another way of looking at this matter is that one Inmdrcdlh 
of a unit of cniropy at 330 pounds corrcsjionds to one per cent 
of moisliirc. 

Evidently this table can be used to solve problems in which 
the final volumes arc given, or, as will appear later, to determine 
intermediate pressures for steam-turbines. 


io8 


HATURATKh VAI'UK 


EXAMPLES. 

/ I. Wnicr III ioa“ F. is fwl im ti Uillcr in vifhU h ihc 
lao poimds nlmiluic }kt »t|uiirc inch. H«w much hent tm^u, 
l>c aufiplirt) lo cvafHjralP pach {utund ? t » >8 

^ a. One {Mnuml wet steam at ijo ]Knin>is i«l»s«iluU‘ occuptii 
cubic feet. \VWiat (wr riTit cif nutisiurc b |»rp’!»eiif ? WhuihlH^ : 
•■quality" of the steam i* Ans. t^.i jwr i«'«» «»f BWiktu«»«t 
,8aq. 

I 3- JKiumI cif Rlram ami water at i se* jwnimls pmun ^ 
o.hRtcnm. What is the im reasr nf enirupy almw that of 
ja**!**. ? Ans, m.|.|, 

A klltiftrum nf c hhtrofnrm at lotj** (*, is ^ vapor, \Vh|l|t 
the Increase of rniropy iiliove that »if the lojufet at a’*C.? Ahifc ; 
o.iqsg. 

j. The initial umiHiion of a misture iif water and MWii h 
/ “ 3io“ F., V 0.8. Whai U the iimil i omltiiofl after adkkil! 
cx|uinsion to iu“ F. 'i Ans. ci.j-j. 

i 6. n*hc Initial (ondiiiun of a misiure of vtram and walerhi|«r 
3000 mm., X *- o.«i. Find ihetomllilnn after an adlabaUciMip^ 
alan to 600 mm. Ans. o.8if8. 

7. A cubic fool of a mixture of water atwl ^ieam, 

untler the preiwure of ^ |Kiund« l»y the Find Ita rnfunii 

after It exfmnds adialaiiically ilil the pressure b to# 

pounds by the gauge; aUo the external work of rxfMmaiM. Ato. 
3.68 cubic feel and gqSo fool {aiumls. 

8. Three fmunda of a mixture of rttraw «nd waWI* il m 
)K)umb alisolute pressure occupy ruN*' fmt. Htw nw# 
heal must be addwl to double the volume at the «.nie 

and what k the change of (ntfiaxir ener^.* Ans. i<#f fc»{ 
750, . too foot (tciunds. I 

q. Find the intrinsic energy, heat ronientv and vdhUHa 4 
5 |mund» of n mixture of water and xieom whfeh k ib 
alcnm, the pressure Wing 150 founds nlwriJuie. Ana. Dhlrtilfe 

3.7 >0,000; heal coRtenis, 5095 a.r.v.,; xwltiwe, iwcftil 
feel. 
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10. Three pounds of water arc heated from 60® F. and c vapor- < 

alcd under 135.3 pounds gauge pressure. Find the heal added, 
and tlic changes in volume, and intrinsic energy. Ans. Heat 
added, 3490 n.-r.u.; increase in volume, 8.99 cubic feel; intrinsic 
energy, 2,520,000. ■( 

11. A pound of steam at 337®.? F. and 100 pounds gauge 
' pres.surc occiijiics 3 cubic feet. Find its intrinsic energy and its 

entropy above 32® F. Ans. Intrinsic energy, 718,000; entropy, 

12. Two pipes deliver water into a third. One supplies 300 
gallons per minute at 70® F.; the other, 90 gallons per minute at 
200® F. Whai is the temperature of the water after the two 
streams unite ? Ans. 100® F. 

13. A lest of an engine with the cui-o(T at 0.106 of the stroke, 
and the release at 0.98 of the stroke, and with 4.5 per cent clear- 
ance, gave for the pressure at cut-off 62.2 pounds by the indicator, 
and at release 6.2 pounds; the mixture in the cylinder at cut-off 
was 0,465 steam, and at release 0.921 steam. Find (i) condition 
of the mixture in the cylinder at release on the assumption of 
adiabatic cxjuinsion to release; {2) condition of mixture on the 
assumption of hyperbolic expansion, or that ^ « p^v^\ (3) the 
exponent of an exponential curve passing through points of cut- 
off and release; (4) exponent of a curve passing through the initial 
and final jioints on the assumption of adiabatic expansion; (5) 
the piston displacement was 0.7 culiic feel, find the external work 
under exponential curve passing through the points of cut-ofT and 
release; also under the adiabatic curve. Ans. (i) 0.4725 (a) 
0.524; (3) « ==■ 0.6802: (4) n “ 1*0589; (5) 3093 and 2120 foot- 
pounds. 




CHAPTER Vir. 

SUPRRUKATKI) VAPORS. 

A DRV and saturated vapor, not in contact with iho Itctuld 
from which it is formed, may be Iicalcd to a icmpcraliiro grcfttUC 
than that corresponding to the given pressure lor tho ffiWMt 
vapor when saturated; such a vapor is said to be superhooted, 
When far removed from the temperature of saturation, such ft I 
vapor follows the laws of perfect gases very nearly, but neat this | 

temperature of saturation the departure from tliosc laws Is tOtt | 
great to allow of calculations by them for engineering purposes. | 
All the characteristic equations tlial have been prop<»edj j 
have been derived from the equation | 

l>v - RT, ! 

which is very nearly true for the so-called perfect gases lU mod* 
crate temperatures and pressures; it is, however, well known 
that the equation docs not give satisfactory results at very hlfiji 
pressures or very low tcmj)cralurcs. To adapt this equation to 
represent superheated steam, a corrective term is added to Ulil 
right-hand side, winch may most conveniently be assutned to 
be a function of the temperature and pressure, so that cftkulft^ 
tions by it may be made to join on to those for saluralcd stcftin* 

The most satisfactory characteristic equation of this aort hi- 
that given by Knoblauch,* Linde, and Klcbc, 

pv = BT~ p(i -h ap) [c • • (»«■) 

in it the pressure is in kilograms per square mclroj V b ln 
cubic metres, and T is the absolute temperature by Ibn 


♦ Mitteiiunsen iiber Forschuuf*sarhctiefi, cic., Heft 21, S. 33, JO ©S* 
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centigrade llicrmoniclcr. The consianls have the following 
values: 

B = 47 * ^ ” 0.000002, C “ 0.031, 7 ? = 0.0052. 

In the English system of units, the j)rcssures being in pounds 
per square foot, tl>c volumes in cubic feel j)cr pound, and tlic 
temperatures on the Eahrenhcil .scale, we have 

/)f»=8s.85 7 '— /»(! -1-0.00000976 —0.0833^ (122) 

The following equation may be u.sed with the pressure in 
pounds per scpiure inch: 

/»v«o.S962 '/'—/> (1 +0.001.1 (t) _ 0.0833^ . (123) 

The labor of calculation is principally in reducing the cor- 
rective term, and csj)ccinlly in the computation of the factor 
containing the tempcrntiirc. A table on page 112 gives values 
of this factor for each five degrees from 100® to 600® F.; the 
maximum error in the calculation of volume by aid of the table 
is about 0.4 of one per cent at 336 pounds pressure and 428® F.; 
that is at the upper limit of our table for saturated steam. At 
150 imunds and 358® F., which is about the middle range 
of our table for saturated steam, the error is not more than 0,2 
of one per cent, which is not greater than the probable error of 
the eciimtion itself under those conditions. At lower pressures 
and at higher temperatures the error tmds to diminish. 

The following simple equation is proposed by Tumlirx* 

{tV’^BT — C// (124) 

where /> is the pressure in kilograms per square metre, v the 
specific volume in cubic metres, and 7' the absolute temperature 
centigrade. The constants liavc the values 

B 47.'io C I®* 0.016, 

based on the experiments of Knoblauch, Linde, and KIcbe. 

* Moth, Kl, i809i Hn S, 1058. 
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In the English system with the pressure in pounds per square 
fool nnd the volumes in cubic feel, for iilisohilc tcmpcralures 
Fahrenheit, 

{rv - 85.85 7 ’ - 0.356 /) (ia5) 

This equation lias a ma.\inujm error of 0.8 of one per ccnl as 
compared with equation (131). 


TADI.K I. 

VnluM of llic fnrior o.oSjj. 


*Tomp«raliire. 

Valtiii 

ToitiporoUiro. 

V{||U9 


VaIuq 

TimpttAiiirt, 


Ffthfi 

Abi, 

Fwlor, 

r«hr. 

Abi. 

Fftciori 

Ftihf. 

Aba. 

F<icior« 


Abi. 














300 

659 s 

0.«|rU 

300 

7 S‘J.S 

O.a6o 

400 

8.S9.5 

0* C53 

500 

959.5 


305 

6&1.S 

0.499 

3^5 

7 f> 4 .S 

0*353 

405 

86.1.5 

0.149 

505 

9 ^ 1-5 

OuOtl 

sio 

669.5 

0.417 

310 

7 f'').S 

0.147 

.110 

HA,.5 

0.145 

Sio 

9 <K>.S 

o.oij 

3rs 

67-1 -s 

0.405 

VS 

774*5 

0.440 

415 

87,1.5 

0. 1.}I 

5'5 

074 ‘S 


330 

679.5 

0.39s 

330 

779 . 5 

0.434 

440 


0. 138 

53» 

op.s 


335 

68.1.5 

o* 3«5 

335 

7 «.|.S 

o.ajK 

445 

884.5 

0. 13.1 

535 

084. s 


330 

689.5 

0‘375 

330 

789.5 

0.444 

439 

889.5 

0, 131 

530 

989.5 


3.15 

69-1 . 5 

0.365 

335 

794.5 

0.416 

435 

8'M.5 

0. (i; 

5 .U 

094 « 5 


3«10 

699.5 

0 - 35 ^^ 

340 

799.5 

0.41 t 

440 

899.5 

0. U3 

540 

000.5 



70-1 *5 

0.307 

315 

HO.I.5 

0.405 

445 

0O.J . 5 

0. UP 

515 

1004.5 


350 

709.5 

o. 33 <^ 

350 

809.5 

0.400 

450 

ycvj.S 

0.117 

550 

1000.5 


355 

7 >. 1.5 

0.33Q 

355 

81.1.5 

0. 195 

455 

914.5 

0. 1 13 

555 

1014.5 


360 

7'9.5 

0.330 

360 

819.5 

0. 190 

460 

9 t 9.5 

0, 1 TO 

560 

tOlQ.S 


365 

79.1.5 

0.313 

365 

814.5 

0.185 

4^5 

944.5 

0. 107 

565 

tOJ4e$ 


370 

799.5 

0.301 

370 

819.5 

0. 180 

470 


0, 104 

570 

toj9,| 

0-^ 


734.5 

0.396 

375 

834.5 

9*75 


034.5 

0. 101 

575 

1034.5 


3oQ 

739.5 

0.388 

380 

830.5 

0.I7I 

4 Ho 

030. 5 

0.098 

580 

1039*1$ 


585 

744.5 

o.38r 

3^5 

844.. 5 

0.166 

4«5 

044.5 

0.095 

5«5 

1044.5 


390 

7 - 19. 5 

0.374 

390 

849.5 

0. 164 

*190 

940. 5 

0.09a 

590 

fCMOJ 


395 

754.5 

0.367 

395 

854.5 

0.158 

495 

054*5 

; 0.090 

595 

■054*5 



Specific Heat. — Two investigations have been mntle of tht j 
specific heat of superheated stcfim at constant pressure, one fey \ 
Professor Knoblauch* nnti T)r. Jakob nnd the other by j 
fessor Thomas and Mr. Short; f llic resuila of the latter’s inifW' i 
ligation have been communicated ‘for use in this book in j 
anticipation of the publication of the completed report. j 

♦ Milltniiiigeii Ubtr PortcliuiigsarhlleH, Itcfi j6. p, i«). 1 

t Tho*l» Ity Mr. Short, Cornell Unlver«liy ’• 
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Professor Knoblauch’s report gives the results of the inves- 
tigations made under his direction in the form of a table giving 
specific heals at various temperatures and pressures and hr a 
diagram, which can he found in the original memoir, and iic 
also gives a table of mean specific heals from the temperature of 
saturation to various temperatures at several pressures. This 
latter table is given here in both llic metric system and in the 
English system of units. 

SPECIFIC HEAT OF SUPEKIIEATF.D STEAM. 

Knoblauch and Jakob 


/ Kgper S(lCm 
/ Lba per Hq Iiu 
/t Cent, 

1 

i.|.a 

a 10® 

a 

38.4 

130^ 

348^ 

i 

380® 

« 

^5-3 

IS8» 

Ji6« 

8 

U3.R 

iCflO 

io 

143.3 

179® 

350® 

12 

170.6 

187® 

30R<^ 

U 

190.1 

16 

3^7 5 

300® 

30a® 

IB 

156.0 

3 o 6® 

403® 

90 

38.1.4 

3tl® 

.li»® 

Knitr. 
a la® 

Cent, 

IQO® 













cso® 


o..i7fl 

0*5^5 

. • . 

, , , 

. . . 

. . . 



. . . 

. . . 



0.4^13 

<>■•175 

0.503 

0-530 

0.560 

0.597 

0.635 


* « . 

• . . 

t . . 


350® 


0.474 

0*495 

0.514 

0.533 

0.553 

0.570 

0.609 

o-6,?S 





O' -175 

o.qga 

0-50S 

0.517 

0.530 

0.5.11 

0.550 

0.561 

0.573 

0*585 


350“ 

0.46ft 

0..177 

0.4g3 

0503 

0.513 

0.533 

0.570 

o-53<> 

0*543 

0'550 

0.557 

7S3® 

i\ 00 ° 



0.494 

0.504 

0.513 

C.530 

0.536 

0-.S31 

0-537 

O-S-H 

0.547 




1 ^ 

L.— 



- r - 








The construction of this table is readily understood from the 
following example: — the heat needed to .superheat a 
kilogram of steam at 4 kilograms per square centimetre from 
snluraiion to 300° C. The saturation temperature (to the nearest 
degree) is 143° C.; so that the steam at 300° is superheated 157°, 
and lor this is required the heal 

157 X 0.493 0= 77,3 calorics. 

The experiments of Professor Knoblauch were made at 3, 4, 
6 , and 8 kilograms per square centimetre; the remainder of the 
table was obtained from the diagram which was extended by aid 
of cross-curves to the extent indicated. Within the limits of 
the experimental work the table may be used with confidence. 
Extcrpolatcd results arc probably less reliable than those 
obtained directly by Professor Thomn.s. 
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The following table gives the mean specific heat of super- 
heated steam as measured on a facsimile of Professor Thomases 
original diagram without cxterpolation* 

SPECIFIC HEAT OF SUPERHEATED STEAM 
Thomas and Short, 


PreMuro Lbt* per Sq, In. (Absoliito.) 


Degree* ol 
Superiien^ Fahr« 


o-53« 0‘5*t7 


o..|o6 0.50ft 



Here again the arrangement of the table can 1)C made evident 
by an example: — Required the heat needed to superheat steam 
100 degrees at 200 i)oimds per square incli alxsolulc. The mean 
specific heat from saturation is 0.581, so that the heat required ' 
is 58.1 thermal units. 

Total Heat. — In the solution of problems that arise in engi- 
neering it is convenient to use the total amount of heat required 
to raise one pound of water from freezing-point to the tempera- 
ture of saturated steam at the given pressure and to vaporize 
it and to superheat it at that pressure to the given temperature. 
This total heat may be rcprcscnlcd by the expression 

=■ <7 + r H- c,, (/ — t,) 


where I is the superheated temperature of the superheated 
steam, I, is the temperature of saturated steam at the given 
pressure p, and q and r arc the corresponding heat of the liquid 
and heat of vaporization. The mean specific heat Cj, may 
usually be selected from one of the given tables without inter- 
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polation, as a small variation docs not have a very large 
elTect. 

The total heat or heat contents of superheated steam in the 
temperature- entropy table were obtained by the following 
method. From Professor Thomas’s diagram giving mean 
specific heats, curves of specific heats at various temperatures 
and at a given pressure were obtained, and the curves thus 
obtained were faired after a comparison with curves constructed 
with Professor Knoblauch’s specific heats at those temperatures. 
These curves were then integrated graphically and the results 
checked by comparison with his mean specific heats. 

Entropy. — By the entropy of superheated steam is meant 
the increase of entropy due to heating water from freezing-point 
to the temperature of saturated steam at the given pressure, to 
the vaporization and to the superheating at that pressure. Tliis 
operation may be represented as follows: 



Cpdl 

Jt. r 


in which T is the absolute temperature of the superheated steam, 
and Tj is the Icmpcralurc of the saturated steam at the given 

[ pressure; 0 and may be taken from the Tables of Saturated 

1 Steam.” The last term was obtained for the tcmpcraturc- 

I entropy table by graphical integration of curves plotted 

\ ^ 

I with values of derived from the curves of specific heals at 

I ^ 

various temperatures just described under the previous section. 

\ If the temperature- entropy table is not at hand, the last term 

j: of the above expression may be obtained approximately by divid- 

I ing the heat of superheating, by the mean absolute temperature 

I of superheating. 

I This may be expressed as follows; 

i (/ - •/.) 

I .. i (I + 1.) + 459-5 
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where t is the temperature of the superlieatcd steam, t, is tlic 
temperature of saturated steam at the given jircssure, and c, is 
the mean specific heal of superlieatcd steam. 

If this method is considered to be loo crude, Die computation 
can be broken into two or more parts. Thus if is an inter- 
mediate icmpcraiiirc, the increase of entropy rhic to superheat- 
ing may be computed as follows: 


, 9/ iU Ll [ ^'1 (f Ci/ (fi ~ I,) 

i (^1 + -I- «( 59 -S i ii) d- 459.5 


where Cp' is the mean specific heat between l, and and c„" is 
the specific heal between t, and /. This method may evidently 
be extended to lake in two inlcrmcdiatc temperatures and give 
three terms. 

Adiabatic Expansion. — The treatment of superheated steam 
in this chapter resembles that for saturated steam in that it docs 
not yield an explicit equation for the adiabatic line. If the 
steam were .strongly sttperhealed during the whole operation it 
is probable that the adialiatic line would be well represented 
by an exponential equation, and for such ease a mean value of 
the exponent could be determined that would suflicc for engi- 
neering work. Hut even with strongly superheated steam at 
the initial condition the final condition is likely to show moisture 
in the steam after adiabatic expansion, or, for that matter, after 
expansion of the steam in the cylinder of an engine or in a alcam« 
turbine. 

Problems involving adiabatic cxjian.sion of steam which is 
initially superheated can be solved by an extension of the method 
for saturated steam, and this method apidie.9 will) equal facility 
to problems in which the steam becomes moist during the expan- 
,sion. The mast ready method of solution is by aid of (he tempera- 
lure-entropy (able, which may be entered at the proper pressure 
(or the corresponding temperature of saturated steam) and the 
proper superheated temperature, it being in practice sufficient to 
take the line for the nearest tabular pressure and the column , 
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lowing tlic ncarcsl (U'ritc of supcrhciUing. Following down 
ic column for cniropy It) llu' rmnl [iressiirc, Ihc propcrlica for 
ic final condition will Ijo fouiKl; tlicsc will be (he heat cou- 
nts, sjiccific volume, niul either lh« temperature of suiierhcalcd 
enm or the (iimlity .v, depending on whether the atenin remuina 
iperheated during the expaiiaiojt or hmunes moist. 

If the external work of adiabatic ('.xpansion of ateum initially 
iperheated is desired, it enn be had by taking the dilTerentc of 
e intrinsic energies, The lieal etinivnlenl of intrnwic energy 
moist steam is 

xp d- ? -V (r -- Apu) -I- q - > xr t- ^ — Apxu, 

id of this expression the {pianiity xr -I- q mny he taken from 
c temperature-entropy table, and the (|U(in(ily Apxu enn 
: determined by aid of the. ateum table. In like inunner the 
at contents of superheated steum 

q d r I* f Cy<U 


)ich is computed and set down in the icmpcraiurc cniropy 
l)lc may be made to yield the heal eriiiivnlent of the intrinsic 
ergy by siibinicting l)»e lieal ctpiienlem of the external work 
vajjorixing and superheating the steum 

Ap (P «■), 


lore V is the specific voUmie of the superheated steam. 'I’liis 
ithod is subject to some crlliflsm, especially when (ho atetiin 
not highly superheated, because some hem will he rct|uired 
do the disgrcgalion work of auptThcttiing. Fortunately the 
;atcr pan of problems arising in engineering involve the heal 
ulenis, so that this question is nvoklctl. 

Properties of Sulphur Dioxide. - One of the most inlercHiing ‘ 
d important application.s of (lie theory of aiiperhcrtlwl va.por.s 
found in the approximate etdeiilulion of [irupertie.s of cerlnin 
aiilc liquids whicli are used in vefrigcraiing matddnes, and for 
ich wc have not siiflkienl experimental data to t onslruct tables 
the manner explained in the chapter on saluruled vu[)urH. 
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For example, Rcgnault made cxj)crimcnls on lire pressures 
of saturated sulphur dioxide and ammonia, but did not de- 
termine the heat of the lir/iiid nor the total heat. He did, 
however, determine some of the properties of these substances 
in the gaseous or superheated condition, from which it is pos- 
sible tol construct the characteristic equations for the super- 
heated vapors. These equations can tlien be used to make 
njjproxiinate calculations of the saturated vaj)ors, for such equa- 
tions arc assumed to be applicable down to tlte salinated con- 
dition. Of course .such calciilalion.s arc .subject to a considerable 
unknown error, .since the experimental <lala arc liaiely suflTicicnt 
to cslahlisli the cciualions for the superheated vapors. 

The specific licat of gaseous sulirluir dioxide is given by 
Rcgnault* as 0.15438, and the coenicienl of dilatation as 
0.0039028. Tlie theoretical specific gravity compared with air, 
calculated from the chemical composition, is given by Landoll 
and Jldrn.stcin t as 2.21295. Omelin J gives (he following 
experimental determinations: by Thom.son, 2.222; Ijy borxelius, 
2.247. The figure 2.23 will he assumed in this work, which 
gives for the specific volume at freezing-point and at atmospheric 
prc.s8ure 


% 


=■ 0.347 cubic metres. 

Q.23 


The corresponding pressure and temperature arc 10,333 

273° c. 

At this stage it is necessary to as-sign a irvobablc form for Iho 
characteristic equation, and for that purpose the form 

Jiv «=■ BT — Cp’' ...... (125) 

proposed by Zeuner has commonly been used, and it is con* 
venient to admit that it may take the form 

pv aT ~ Cpf (ia6) 


* M6moirc$ de VlnstUut do France^ loinc xxi, xxv|, 
t Physlkalischo-chcmischo TabcUon, 

X Wull^a inins^nUoni p, a8o, 
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The value of the arbitrary constant a may be determined 
from the coefficient of dilatation as follows. The coefficient 
of dilatation is the ratio of the increase of volume at constant 
pressure, for one degree increase of temperature, to the original 
volume; so that the preceding equation applied at C, and at 
1° C. gives r 

poVi = -^ a 7 \ — Cp^^\ 

• ^1 ^ ^0 ^ ^ , 

The value of a obtained by substituting known values in the 
above equation is 0,212, Now as a appears in both the first and 
the last terms of the right-hand side of equation (126), a con- 
siderable change in a has but little cfTect on the compulations 
by aid of that equation. As will appear later an assumption 
of a value 0,22 for a will make equation (126) agree well with 
certain experiments on the compressibility of sulphur dioxide, 
and it will consequently be chosen. If now we reverse the process 
by which a was calculated from the coefficient of dilatation, 
the latter constant will appear to have a computed value of 
0.004, which is but little different from the experimental value. 
To compute C we have 

0,15438 X 426.9 X 0.22 = 14,5, 
and the coefficient of p^ is 

■ . H-5X»7 3--y MXo,w , . 

so that the equation becomes 

pv = 14.5 r — 48 (127) 

Regnault found for the pressures 

pi = 697,83 mm, of mercury, 

Pi =“ 134 1 -58 mm. of mercury, 
and at 7°,7 C, the ratio 

= 1,02088, 


.120 
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Reducing the given pressures lo kilograms on the square 
metre, and the temperature lo the absolute scale, and applying 
to equation (127), we obtain i.oid instead of the experimental 
value for the above ratio. 

Regnaull gives for the pressure of saturated sulphur dioxide 
in mm, of mercury, the equation 

log/> SW 3 (I Im'* - 

a ■=» 5.6663790; 
log 6 o.,|79ad2s; 

logc «« 9.165956a - 10; 

Jog A KM 9.9973989 — 10; 
log P Ko 9,98729002 — jo; 

It ««/•)- 28° C, 

Applying equation (95), page 76, to this ease, 

log « 9.9972989; 

log p <« 9.98729002; 
log id c2Ja 8.6352146; 
log 5 7.9945.13a; 

n ^ I -1- 28® C. 

The specific volume of saturaietl sulphur dioxide may be 
calculated by inserting in equation (127) for the superheated 
vapor the pressures calculated by aid of the above equation. 
The results at several temperatures arc ns follows: 

t — 30® C. 0 -H 30® C, 

s 0.829a 0.2256 0.0825 

Andrdeff * gives for the specific gravity of fluid sulphur dioxide 
^•4336; consequently the specific volume of the liquid is 

cr tm o.oooy, 

♦ Ann* Chetti, Pharm.t *^59. 
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tai 


The value of r. the heat of vaporization, may now be . aku. 
lalecl at the given lcm))craliires by ecjuation (io6), iwge 


f Au'l 




til ’ 


» i 


<r. 


•h .10“ C’. 


in which 
The results arc 

I - 30° C. 0 

r 106.9 97<f'0 

Within the limits of error of our nu’tluKi of lulfulitiitin, ihr 
value of r may be found Uy the et|untion 

— 0.J7/ 

The specific heal of the lifiuicl is derival by ilir follitwiug 
device. First assume tlial the i‘nlro[>y «)f !)«• Mijn-rlu-atitl vajair 
may be calculated by the cqmilion 

df/i Cp’!-; I- (f.. - r^) 

given on page 67 for perfect gasea. This may be trarisfcirmefl 

;i f<fl i.. I 

(U}> -<lpj . . . . (uyl 

But if we introduce into iJie erjiiniion for a perfect gas 

l>v - RT, 

the value of R from the cc| nation 

Cji •™ C|. rl/f) 

* * 

the characteristic equation may take the form 


pv 


Oil. 


T. 


Comparison of this ct|ualfon with ctpiation (laft) suRge%ii!> 
replacing the term — in equation (lacj) by the arbitrary 
factor a, so that it may read 





• • («.Vw) 



The expression for llic entropy of ft liquid ftnd Its vapor is 
^ H- d or -{'J all 

if the vapor is dry. When dilTcrcnlialcd this yields 

# = • • < •(131) 

If it be assumed that equations (130) and (131) may both be 
applied at saturation we have 

If it be admitted further that the difrcrential cociTicicnt can 

ill 

be computed by the equation on page lao, the above equation 
adords a means of estimating the specific heat of the liquid. At 
0“ C., this method gives for the specific heat 

c «= 0.4. 

In English units we have for superheated sulphur dioxide 

pv => 26.4 T — 184 /> *•” (133) 

llic pressures being in pounds on the square foot, the volumes 
in cubic feet, and the temperatures in Fahrenheit degrees 
absolute. 

For pressures in pounds on the square inch at temperatures 
on the Fahrenheit scale, * 

log p =• ft — • b(x” — c^\ 
a « 3.9527847; 
log = 0.479242 s; 
log c ■= 9.1659562 — 105 
log a => 9.9984994 — lo; 
log ^ = 9.99293890 — 10; 

M = / + i 8°.4 F. 





For the heat of vaporization 

= 176 — 0.27 (/ - 32) {134) 

and for the specific heat of the liquid 

c ~ 0.4. 

In applying these equations to the calculation of a table of 
the properties of saturated sulphur dioxide the pressures corre- 
sponding to the temperatures are calculated as usual. Then 
the heat of (he liquid is calculated by aid of the constant specific 
heat. The heat of vaporization is calculated by aid of equation 
{(34)- Next the specific volume is calculated by inserting the 
given temperature and the corresponding pressure for the sat- 
urated vapor in the characteristic equation (133). Having 
the specific volume of the vapor and that of the liquid, the heat 
equivalent (A pu) of the external work is readily found. Finally, 
the entropy of the liquid is calculated by the equation 

0= clog«-^- (135) 

If the reader should object that this method is tortuous and 
full of doubtful approximations and assumptions, he must bear 
in mind that any method that can give approximations is better 
than none, and that all the computations for refrigerating- 
machines, that use volatile fluids, depend on results so obtained. 
And further, much of the waste and disappointment of earlier 
refrigcrating-machincs could have been avoided if tables as gootl 
as those computed by this method were then available. 

Properties of Ammoaia. — The specific heat of gaseous 
ammonia, determined by Rcgnault, is 0.50836. The theoretical 
specific gravity compared with air, calculated from the chemical 
composition, is given by Landolt and Bernstein as 0.58890. 
Gmclin gives the following experimental determinations; by 
Thomson, 0.5931 ; by Biot and Arago, 0.5967. For this work 
the figure 0.597 will be assumed, which gives for the specific 
volume at freezing-point and at atmospheric pressure 

^ 9 ‘ 773 . 3 == I _3o cubic metres. 

0-597 



f 

i 





The cocITicicnt of dilalalinn has not been determined, and con- 
sequently cannot be used to determine the value of a in equation 
(126). It, however, appears that consistent results arc obtained 
if a is assumed to be J. Tlic cocilicicnt of T then becomes 

0.50836 X 436.9 X \ 54 . 3 » 

and the coefficient of is 


10333 


on 142; 


SO that tile equation becomes 

pv « 54.3 r — 142 />' (136) 

The coefficient of dilatation, calculated by the same process 
as was used in determining a for sulphur dioxide, is 0.00404, 
which may be compared with that for sulphur dioxide. 
Rcgnault found for the pressures 

/>,«=• 703.50 mm. of mercury, 

Pi 1435*3 ”im. of mercury, 

and at 8®.i C. the ratio 

I 

ij2lx. „ i.oigg 

PP^i 

while equation (136) gives under the same conditions 1.0200. 
For saturated ammonia Rcgnault gives the equation 

log ^ “ a — ba” — c/ 9 "} 

a - 11.50433305 

log i — 0.8721769; 
log c «• 9.9777087 — 10; 
log a •=> 9.9996014 — 10} 
log P ~ 9.9939729 — 10} 
n •= / -h 22® C.; 










. . . • 





by aid of which the pressures in mm. of mercury may be calculated 
for temperatures on the centigrade scale. The diflferential 
coefficient may be calculated by aid of the equation 

/la» + B/3»; 

!og/i = 8.1635170 — ro; 
log B =« 8.4822485 — ro; 
log « = 9.9996014 — ro; 
log ^ = 9-9939729 — io; 
n ^ ^ -h 22^ C* 

The specific volume of saturated, ammonia calculated by 
equation (136) at several temperatures arc 

I — 30'’ C. o + 30® C. 

s 0.9983 0.2961 0.1167 

AndrdciT gives for the specific gravity of liquid ammonia at 
o" C. 0.6364, so that (he specific volume of the liquid is 

<r = 0.0016. 

The values of r at the several given temperatures, calculated 
by equation (128), arc 

I — o + 30“ C. 

f 325-7 300-15 277-5 

which may be represented by the equation 
r = 300 — 0.8 i. 

The specific heat of the liquid, calculated by aid of equation 

(132), is 

c = 1.1. 

In English units the properties of superheated or gaseous 
ammonia may be represented by the equation 

pv ^ ()9 T — 710 

in which the pressures arc taken in pounds on the square foot 
and volumes in cubic feet, while T represents the absolute 
temperature in Fahrenheit degrees. 


The pressure in pounds on ihe square inch may be calculated 
by the equation 

log p ^ a — — c(f\ 

(I •=> 9.7907380; 
log b ™ 0.8721769 — 10; 
log c •=* 9.9777087 — 10; 
log « 9.9997786 — 10; 

log 9.9966516 — 10; 

M / -j. ^0.6 p. 

The heal of vaporization may be calculated by the equation 
r 546 — 0.8 {t — 32), 
and the specific heat of the liquid is 

C ^ I«I* 

EXAMPLES. 

1. What is the weight of one cubic foot of .superheated steam 
at 500° F. and at 60 j)ound.s pressure absolute? Knoblauch’s 
equation. Ans. 0.106 pounds. 

2. Superheated steam at 50 pounds absolute has half the 
density of saturated steam at the same pressure. Wliat is the 
temperature? Tumlirz’s equation. Ans. 930° F. 

3. What is the volume of 5 jiounds of steam at 129.3 pounds 
gauge pressure and at 359®.$ F.? Ans. 15.8. 

4. At 1 29.3 pounds gauge pressure a pounds of steam occupy 
7 cubic feet. Find its temperature. Assume value of T for 
entering Table I, page 112, and solve by trial. Ans. 424®?. 

5. A cubic fool of steam at 140 iJounds absolute weighs 0.30 
pounds. What is its temperature? Ans. 374® F. 

6. Two pounds of steam and water at 129.3 pounds pressure 
above the atmosphere occupy 6 cubic feet. Heat is added and 
the pressure kept constant till the volume is 8.5 cubic feet. Find 
the final condition, and the external work done in expanding. 
Ans. Temperature 681® F.; work 51800. 



Saturated steam at 150 pounds gauge, containing 2 per cent 
of water, passes through a superheater on its way to an engine^ 
Its anal temperature is 400® F. Find the increase in volume 
and the heat added per pound. 

8. Let the initial temperature of superheated steam be 380® F. 
at the pressure of 1 5® pounds absolute. Find the condition 
after an adiabatic expansion to 20 pounds absolute. Determine 
also the initial and final volumes. Ans. (1) 0.895; (2) 3.09 
cubic feet; (3) 17.8 cubic feet. 

y. In example 14, suppose that the steam at cut-ofi 

were superheated 10° F, above the temperature of saturated 
steam at the given pressure, and solve the example. Ans. 
(1) 0.887; (2) 87° superheating; (3) same as before; (4) n 
1,137 j (5) 1972 and 1950 foot-pounds. 




CHAPTER Vin. 
THE STEAM-ENGINE, 


The slCAm-cngine is alill tlie most important heat-engine, 
though its supremacy is thrcatcncti on one iiand by tlic aieam' 
turbine and on the other by the gas-engine. When of large size 
and properly designed and managed its economy is excellent and 
can be excelled only by the largest and best gas-engines, 
and in many cases these engines (even with the advantage of 
a mpre favorable range of temperature) depend for their com. 
merciai success on the utilisation of by-proriucts. 

It can bo controlled, regulated, and reversed easily and posi- 
tively — properties which are not iiosscsscd in like degree by 
other heat-engines. It is interesting to know that the theory 
of thermodynamics was developed mainly to account for the 
action and to jirovklc methods of designing steam-engines; 
though neither object is entirely accomplished, on account of 
the fact that the engine-cylinder must be made of some metal to 
be hard and strong enough to endure service, for nil metals arc 
good conductors of heat, and seriously affect the action of a con- 


L 


densablc fluid like steam. 

Carnot's Cycle for a steam-engine is repre- 
sented by Fig. 31, in which ah and cd arc 
isothermal lines, representing the application 
and rejection of heat at constant temperature 
and at constant pressure, he and da arc 
- adiabatic lines, representing change of tem- 
perature and pressure, without transmission 
of heat through the walls of the cylinder, 
The diagram representing Carnot’s cycle has an external resem- 
blance to the indicator-diagram from some actual engines, 
but it differs in essential particulars. 


Fio. 1). 


In ihe condition represented bj' the point a the cylinder con- 
tains a mixture of water and steam at the temperature /, and 
the pressure /i,. If connection is made with a source of heat 
at the temperature and heat is ad<Ied, some of the water will 
be vapori/icd and the volume will increase at constant pressure 
as represented by ab. If thermal communication is now inter- 
rupted, adiabatic expansion may take place as represented by be 
till the temperature is reduced to /j, the temperature of the 
refrigerator, with which thermal communication may now be 
established. If the piston is forced toward the closed cn<l of 
the cylinder some of the steam in it will be condensed, and the 
volume will be reduced at constant pressure as represented by 
cd. The cycle is completed by an adiabatic compression rep- 
resented by da. 

If the absolute temperature of the source of heat is T,, and 
if that of the refrigerator is T„ then the efficiency is 



whatever may be the working fluid. 

For example, if the pressure of the steam during isothermal 
expansion is loo pounds above the atmosphere, and if the pressure 
during isothermal compression is equal to that of the atmos- 
phere, then the temperatures of the source of heat and of the 
refrigerator arc 337®. 6 F. and 212® F., or 797.1 and 671,5 abso- 
lute, so that the efficiency is 

707.1 ~ 671.5 

i = 0.157. 

797.1 

The following table gives the efficiencies worked out in a 
similar way, for various steam- pressures, — both for equal to 
ai2®F., corresponding to atmospheric pressure, and for /„ 
equal to 116° F., corresponding to an absolute pressure of 1.5 
pounds to the square inch: 
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efficiency of CARNOT’S CYCLE FOR STEAM-ENGINES. 


Initial Pressure 
by flic Gauge, 
above tlie 
Alxnosphere* 

Alntospiieric 

Pressure. 

I.S rounds 
Absolute, 

IS 

0.053 

0. 

30 

o.o8/| 

0.215 

60 

0. 

0.3*19 

100 

0.K7 

0.278 

150 

0. 1^6 

0.303 

200 

0,307 

0.330 

0 

0 

0.338 

' 0.3,17 


The column lor almo-sphcric jircsaure may lie used as a 
standard of comparison for non-condensing cngine.s, and the 
column for 1.5 pounds absolute may be used for condensing 
engines. 

It is interesting to consider the condition of the fluid in the 
cylinder at the different points of the diagram for Carnot’s 
cycle. Thus if the fluid at the condition represented by b in 
Fig. 31 is made up of ;Vi, part steam and i — Xi* part water, then 
from equation (n8) the condition at the jioint c is given by 

=* d* ^1 • • < < (137) 

In like manner the condition of the mixture at the point d is 
Xj “ -I- . . . . (138) 

It is inlcre.sting to note that if is larger than one-half, that 
is, if there is more steam than water in the cylinder at b, then 
the adiabatic expansion is accompanied by condensation. Again, 
if Xa is less than one-half, then the adiabatic compression is also 
accompanied by condensation. Very commonly it is assumed 
that Xi is unity, so that there is dry saturated steam in the cylin- 
der at b] and that Xa is zero, so that there is water only in the 



efficiency ok CARNOT'S CYCLE 


ylindcrat a\ but there is no necessity for such Assumptions, 
nd they in no way alTcct the cflicicncy. 

The tcmpcraturc'cntropy diagmin for Carnot’s cycle for a 
team-engine is sliowii by Fig. 32, on which are drawn also the 
acs for entropy of the hqtiid .t , , , , 

,a, and (lie entropy of sa Itir- a LI j 111 

ted vapor be, ns well ns the ^ /7/Tl WW 

nes which represent the value // j \M\ 

fa-, the dryness factor. ///' _ 1 \ \ V\ 

iagram represents to Jl)c eye / / / / ' I \ \ \ v 

1C vaporization during the / L L _ L .1.. L\ \\ 

iotlicrmal expansion oh, the /'7 / | \ \ \ \\ \ 

artial condensation during 
1C adiabatic cxiiansion be, Fm. j». 

le isothermal condensation along cd, and the condensation 
uring the adiabatic compression da. In the diagram the work- 
ig substance is shown as water at « and as dry steam at b', 
1C cITicicncy would clearly lie the same for a cycle «' b' c' d', 
hich contains a varying mixture of water and steam under all 
mdilions. 

If the cylinder contains M pounds of steam and water, the 
aat absorbed by the working substance during isothermal 
(pansion Is 

Qi (-v* •“ .Y„) (139) 

id the heat rejected during isothermal compression is 
< 2 , il/r, (;V, - .Trf), 

I that the heat changed into work during the cycle is 
Q, - Q, « M(r, {.V* - x„) - r, (.v, - .Trf)j 


But from equations (137) and (138) 


J'j ~ 

i I 
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and the expression for the heat changed into work beeomes 

Qt Qi ^^^1 (•^'* ~ •''n) ’ 7’ ' • • • (140) 

This equation is deduced liccaiisc it is convenient for making 
comparisons of various oilier volatile licjuids and their vapors, 
with steam, for use in heat-engines. It is of course apparent 
ii»vt 0. - P, T, - r, 

Qt ^ I 

from equations (139) and (140), a conclusion which is known 
independently, and indeed is necessary in the development of 
the theory of the adiabatic expansion of steam. 

In the discussion thus far it has been assumed that the work- 
ing fluid is steam, or a mixture of steam and water. But a 
mixture of any volatile liquid and its vapor will give similar 
results, and the equations deduced can be applied dircctiy. The 
principal difference will be due to the pro|)crllea of the vapor 
considered, especially its specific pressures and specific volumes 
for the temperatures of the source of heat and the refrigerator. 

For example, the cITicicncy of Carnot’s cycle for a fluid 
working between the temperatures 160® C. and 40® C. is 

I 60 — 40 

•— 1— 0.377. 

j 6 o -t- 373 

The projicrties of steam and of chloroform at these tempera- 
tures arc Slenm. Clilorofomi. 


PrcEBurCj mm. mercury 
Volume, cubic molrcft » 
Hcftt of vnporb.iiiloiij r 
Knlropy of liquid, 0 , * 


Stoam. Chlorofomt. 

. 10 ® C. i6o® C. HO® C. i6o® C. 

4^5* “I 3^ 

ig.;,! 0.303s 0..M.19 0.0343 

578-7 • 194.3 6.1.13 50.53 

0.1364 04633 0.03196 0. H041 


For simplicity, we may assume that one kilogram of the fluid 
is used in the cylinder for Carnot’s cycle, and that .3:4 Is unity 
while is zero, so that from equation (140) 
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and for steam 


0< - (?j “* ^ 137 calorics, 

while for chloroform 

Q, - Qi ” 50-53 X 0.377 i.| tnloric.s. 


After adiabatic expansion tlie qualities of the fluid will be, 
from equation (137)1 

*• - ('Tof+l^ W " “-ras. 

and for chloroform 

.V ■ 49 — /__- 5 £:i 3 — .|. o.noiii — 0.03 iqo) » - 0,9(19, 
63.13 \ ifto -I- 373 ' / 

The specific volumes after adlaimtic expiinHion are, eonsc- 
qiicntly, for steam 

V, = .T,W, -I- 0- « 0,79s (19.74 - O.OOl) -h 0.001 15.7, 

and for chloroform 

V, <= ;Vj«, -!- <r == 0.969 (0.44419 - 0.000655) 'I' 0.000655 <=>.431. 


These values for u, jvisl ralculaiixl arc the volumca in the 
cylinder at the extreme displacement of the piston, on llic 
assumption that one kilogram of the working fUiid is vujmrixcd 
during isothermal expansion. A better idea of the relative 
advantages of the two fluids will be obtained by finding tlic 
heat changed into work for each cultic metre of maximum piston* 
displacement, or for a cylinder having ilic volume of one cubic 
metre. This is obtained by dividing (), - Q,, the heat changed 
into work for each kilogram by v,. For steam the result i» 

(Qi - 0>) + v« •»' 137 + 15-7 8.73, 

and for chloroform It is 


(Oi ~ Oi) 14 *>• 0,413 ' 3 d I 
from which it appears that for the same volume chloroform 
can produce more than three and a half times as much power. 
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Even if we consider that the dififercncc of pressure for chloro- 
form, 

8734-2 - 369-3 = 8364.9 mm., 
is nearly twice that for steam, which lias only 
4651,4 - 54-9 = 4596-5 ««•«- 

clilTcrcncc of pressure, the advantage appears to be in favor of 
chloroform. If, Iiowcvcr, the difTcrcncc of pressures given for 
chloroform is allowable also for steam, giving 

8364.9 + 54.9 = 8419.8 mm. 


for the superior pressure, then the initial lempcrnturc for steam 
becomes i84°.9 C-, and the cfllcicncy becomes 


184.9 — 40 
184.9 + 273 


0.318, 


instead of 0.277, whole, steam is the more desirable 

fluid, even if we do not consider the inflammable and poisonous 
nature of chloroform. Similar calculations will .show that on 
the whole steam is at least as well adapted for use In heat-engines 
as any other .saturated fluid; in practice, the cheapness and 
incombustibility of steam indicate that it is the preferable fluid 
for such uses. 

Non-conducting Engine. Rankine Cycle. — The conditions 
required for alternate isothermal expansion and adiabatic expan- 
sion cannot be fulfilled for Carnot ’.s cycle with steam any more 
than they could be for air. The diagram for the cycle with 
steam, however, is well adapted to production of power; the 
contrary is the ease with air, as 1ms already been shown. 

In practice steam from a Imilcr is admitted to the cylinder of 
the steam-engine during that part of the cycle which corre- 
sponds to the isothermal expansion of Carnot’s cycle, thus trans- 
ferring the isothermal expansion to the boiler, where steam is 
formed under constant pressure. In like manner the isothermal 
compression is replaced by an exhaust at constant pressure, 
during which steam may be condensed in a separate condenser, 




oled by cold water. The cylinder is commonly made of cast 
m, and is always some kind of metal; there is consequently 
nsiderablc interference due to the conductivity of the walls of 
e cylinder, and the expansion and compression are never 
liabutic. There is an advantage, however, in discussing first 
I engine with a cylinder made of some non-conducting material, 
though no such material proper for making cylinders is now 
lown. 

The diagram representing the operations in a non-conducting 
Under for a steam-engine (sometimes called the Rankinc cycle) 
n be represented by Fig. 33. ab represents 
c admission of dry saturated steam from 
c boiler; be is an adiabatic expansion to the 
:haust pressure; cd represents the exhaust; 
id fia is an adiabatic compression to the 
itial pressure. It is assumed that the small 
)lumc, represented by a, between the piston and the head of 
ic cylinder is filled with dry steam, and that the steam remains 
jmogcneoiift during exhaust so that the quality is the same at 
as at c. These conditions arc consistent and necessary, 
nee the change of condition due to adiabatic expansion (or 
)mprcssion) depends only on the initial condition and the 
litial and final pressures; so that an adiabatic expansion from 
to d would give the same quality at d as that found at c after 
Jiabalic expansion from 6, and conversely adiabatic compres- 
on from d to a gives dry steam at a as required* 

The cycle represented by Fig. 33 differs most notably from 
arnot^s cycle (Fig. 32) in that ab represents admission of steam 
nd cd represents exhaust of .steam, as has already been pointed 
ut. It also differs in that the compression da gives dry steam 
istcad of wet steam. The compression line da is therefore 
;ccpcr than for Carnot cycle, and the area of the figure is 
ightly larger on this account. This curious fact docs not 
idicatc that the cycle has a higher efficiency; on the contrary, 
le efficiency is less, and the cycle is irreversible. 

It the pressure during admission (equal to the pressure in 
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llic boiler) is and if ihc pressure during exhaust is />», then 
the heal required lo raise the water resulting from the conden- 
sation of the exhaust-steam is 

t/i ~ Qv 

where is the licnt of the liquid at the i)rossuro />„ and is the 
heat of the liquid at the pressure /»,. The heat of vaporization 
at (he pressure />, is r,, so that the heat required lo raise the feed- 
water from the temperature of the exhaust lo the lcmi)craturc 
in the boiler and evaporate it into dry steam is 

Q, r, -I- </, - ?, (m) 

and this is the quantity of heal supi»!ied lo the cylinder per 
pound of steam. 

The steam exhausted from the cylinder has the quality x,, 
calculated by aid of the equation 


A', - V, It 


I- 6 . 


and the heal that must be withdrawn when it is condensed is 

Qj x/j (i4») 

this is the heal rejected from the engine. The lical changed 
into work per pound of steam is 

< 2 i " Qi ''i • • • • (143) 

The cfTicicncy of the cycle is 

rt tea tea t ^ , , • (144) 

Qt rt 

If values arc assigned to p, and />, and lltc proper numerical 
calculations arc made, it will appear that the ciTicicncy for a 
•non-conducting engine la always less than the efTicicncy for 
Carnot’s cycle between the corrca[)onding icmpcralurca. 

It should i)c remarked tluU lire cfTicicncy is not aiTccicd by 
the clearance or space between the piston and the head of the 
cylinder and the space in the Blcam-passngcs of the cylinder, 
provided that the clearance is filled with dry saturated steam as 




indicated in Fig. ‘ “““ 

Lrescnling the clearance, or voln.ne ul «. Im«. .t.,. a,.l.n.r^ .« 
equation (144). Or, again, we m.iy coivsitler lltal the Meain m 
the cylinder at the beginning «f the stroke, (KCii|iytrtK «hi »J 
nme represented by c.xpanfl^ during llte tt.lialmlie e.pansu.n 
and is compressed again during eonipresHton. w. lluil one 
operation is equivalent to and coumerbalnneeH the other, ami 
so docs not aiTcct the cdicicncy of lite eyele. 

Use of (he Temperature-Entropy Diagram. Tlie Kiuihinr 
cycle is drawn with a varying (luantily of Kleniii in the lyhnder. 
beginning at a, Fig. 33 , "’ilh the steam eaughl in the .learame 
and finishing at /i, with that weight plus the weight drawn from 
the boiler; consequently a proper lempenUiire enln.jiy diagram, 
which represents the changes of one iiound of tlie working •.nl, 
stance, cannot be drawn. 

We may, however, use the iem|ieriiture entropy rli.igram 
(like Fig. 30, page roq, or the plate al the end of the iHwikl for 
solving problems connected with that cycle Insleiid of rrnmllnn«i 
(143) and (144). 

In tlic first place we have by ctpia- r. . 
lion (96), page 83, •“ J 


fcJl. 


and by equation (113), ptigc 97, 


rejH 

J T 


for a volatile liquid. From the Inticr 
we have 

cdl « T(I 0 \ 

therefore 


From this lost equation It Is evident that the henl of the liquid 91 
for water represented by the point a in Fig. 3.1, is mrnsurrtl by 


i! 
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the area Omao. In like manner the heat of the liquid cor- 
responding to the point rf, is represented by the area Omdn^ 
Again, the heat added during the vaporization represented by 

db, is fj, while the increase of entropy is • Therefore the heat 

pf vaporization can be represented by the area oabp. In like 
manner the partial vaporization can be represented by the 
area ndep. Therefore the heat changed into work for the cycle 
in Fig. 33, which has been represented by 

>■1 + ( 7 i - (-Vs + ?j). 
tan equally well be represented by the area 

abed = area Oinao area oabp 
— (area Omdn -V area ndcp). 

It will consequently be sufficient to measure the area abed 
by any means, for example, by akl of a planimctcr, in order to 
determine the heat changed into work during the operation of the 
non-conducting engine working on the Rankine cycle. If the plan- 
imetcr determines the area in square inches, the scale of the draw- 
ing for Fig. 34 should be one inch per degree, and one inch per 
unit of entropy, or, if other and more convenient scales arc to be 
used, proper reductions must be made to allow for those scales. 

It must be firmly fixed in mind that the use of a diagram like 
Fig. 34 is justified because it has been proved that the area 
abed (drawn to the proper scale) is numerically equal to the 
heat changed into work as computed by equation (143), and 
that the diagram does not represent the operations of the cycle, 
This is entirely different from the ca.se of the diagram. Fig. 33, 
which correctly represents the operations of Carnot’s cycle. 

The illustration of the use of the temperature-entropy diagram 
for this purpose is chosen for convenience with dry saturated 
steam at b, Fig. 34. It is evident that it could (with equal 
propriety) be applied to an engine supplied with moist steam if 
r, is replaced by x;,r, in equation (143) and if b is located at the 
proper place between c and b. 

• 'The actual measurement of areas by 'a planimeter is seldom 



if ever applied, but the diagram is used cfTcctively in the dis- 
cussion of certain problems of non- reversible flow of steam in 
nozzles and turbines, with allowance for friction. 

It further suggests an approximation that may sometimes be 
useful, especially if the change of pressure (and temperature)p's 
small. Thus the area abed may be approximately representod 
by the expression 

~ {ab + dc) 6c - j (/, - /j), 

SO that in place of equation (143) "wc may have 

for the heat changed into work by Rankinc’s cycle. 

This approximation depends on treating ab as a straight line, 
and this assumption is more correct as the difference of temper- 
ature is less; that is for those cases in which equation (143) 
deals with the difference of quantities of about the same magni- 
tude, and may consequently be iilTcctcd by a large relative error. 

Temperature-Entropy Table. — The temperature-entropy table 
'which has been described on page 106 was computed for solu- 
tion of problems of this nature, more especially in turbine 
design, and enables us to determine the heal changed into work 
directly with sufTicicnt accuracy for engineering work, without 
interpolation; it also gives the quality x and the specific volume. 

Incomplete Cycle, — The cycle for a non-conducting engine 
may be incomplete because the expansion is not carried far 
enough to reduce the pressure to that 
of the back- pressure line, as is shown 
in Fig. 35, Such an incomplete cycle 
has less efficiency than a complete cycle, 
but in practice the advantage of using 
a smaller cylinder and of reducing fric- 
tion is sufficient compensation for the 
small loss of elTicicncy due to a moderate drop at the end of 
the stroke, as shown in Fig. 35. 




Kio. 35- 
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The discussion of the incomplete cycle is simplified by 
ing that there is no clcnrancc nnd no compression as is in 
by Fig. 35- It will be sliowji later that the cflicicncy will 
same with a clearance, provided the compre.ssion is com pi 
The most ready way of finding the efiicicncy for this ■ 
to determine the work of the cycle. Thus the work, 
admission is / 

‘ // Pi («i -i- O'). 

I 

where u^ is tlie increase of volume due to vaporization of a 
of steam, and <r is the specific volume of water. The work 
exjiansion is 

Et - E„ (p, -I- <7, - x,p^ - <7,), 


where and p, arc the heat of the liquid and the hcat-ccn 
of Ihc internal work during vaporization at the press 
while and arc corresponding quantities for the pressu 
Xt is to be calculated l)y the equation 


’-(IM.,-,). 


The work done by the piston on the steam during cxl 
Pt (*Vo«« -i- cr). 

The total work of the cycle is obtained by adding th 
during admission and expansion and subtracting th 
during exhaust, giving 

2 (Pi -I- ^ipi»t - -^'<P<> - -I- q^ ~ q,) -h (Pt - Pt) « 

Tiie last term is small, and may be neglected. Adel I 
subtraictlng ^nd multiplying by A, .we get for tl 

equivalent of the work of the cycle 

Cl - <?» " ''i - -h A(p^ - p,) u,x, + j 


whicJ) is equal to the difference hclwccn lire heal supiilied and 
the heat rejected as indicated. TIic heal .supplied i.s 

<2, - r, •(• (/, ~ -7„ 

as was deduced for the com])lcie cycle; the cost t)f niiikluK the 
steam remains the .same, wltelljcr or ntU It i.s iweti elliclenlly. 
Finally, the edicicncy of the cycle is 

<2, I •/, <U 

r, -I- y, - 7, 

If pt is matic equal to in (Ik; prccedinK criuaiioii, it ivill hr 
reduced to the same form as e(|iialion (i.i.|), bectuise the fxjmti 
sion in such ease hecomes complete. 

Steam-Consumption of Kon-conducting Engine. ,A liorot* 
power is 33000 foot-pounds per minute or 60 X 33000 hint iiiiunil'* 
per hour. But the Iteal changed into work per pound of steam 
by a non-conducting engine wiilt complete expansion Is, liy 
equation (143), 

r, -I- (/, - (/, - .v,r„ 

so that the steam required per horse-power per hour Is 

• • do X .3300 0 

T78 (r, 

Similarly, the steam per horse-power per hour for nn engine 
with incomplete expansion, liy aid of cxprmhm (i.it'O, Is 



778 (/>, -I* /i/'.w, ~ 1 17, - q^y 

The value of .tr, or .v„ Is to be calculated by the general equation 




The denominator In either of the above expressions for ihc 
steam per horse-power per hour is of course Dte work done jwr 
pound of steam, and the parenthesis without the mct iwnlial 
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equivalent 778 is equal to Q^ - 0 ,. If (hen we 
divide by 

Q, « »*, + 5, - q .^, 


multiply and 


that is, by the heal brought from the boiler by one pound of 
steam, we shall have in either ease for the steam consumption 
in ijounds per hour 


where 


60 X 3.1000 X (). ^ 60 X 33000 . 

778 (Q, - Qj) C>, 77 «c -h ?, - (/a) 

p 


• (149) 



is the cfTicicncy for the cycle. 

Actual Steam-Engine. — The indicator-diagram from an actual 
steam-engine differs from the cycle for a non-concUicling engine 
in two ways: there are losses of jtressurc between the boiler and 
the cylinder and between the cylinder and the comlcn.scr, due 
to the resistance to the flow of steam through pipes, valves, and 
passages; and there is considerable interference of the metal of 
the cylinder with the action of the steam in the cylinder. The 
losses of pressure may be minimized for a slow-moving engine 
by making the valves and jtiissages direct unrl large. The 
interference of the walls of the cylinder cannot be- prevented, 
but may be ameliorated by using superhciucd steam or by slinm- 
jacketing. 

When steam enters the cylinder of an engine, some of it is 
condensed on the walls which were cooled by contact •with 
cxlmust-slcam, thereby healing them up nearly lo the tempera- 
lure of the steam. After cut-off the pressure of the steam is 
reduced by ex\)anaion and some of the water 011 the walls of 
the cylinder vaporizes. At release the pressure falls rapidly 
to the back-pressure, and the water remaining on the walls is 
nearly if not all vaporized. It is at once evident that so much 
of the heal as remains in the walls until release and is thrown 
out during exhaust is a direct loss; and again, the heat which 
is restored during expansion does work with less efficiency, 


a 


1 

I 

I 


lOcause U is reevaporatcd at less than the temperature in the 
loiler or in the cylinder during admission, A complete state- 
ment of the action of the walls of the cylinder of an engine, 
i'ith quantitative results from tests on engines, was first given 
►y Him, His analysis of engine tests, showing the interchanges 
f heat between the walls of the cylinder and the steam, will be 
;ivcn later. It is sufficient to know now that a failure to con- 
ider the action of the walls of the cylinder leads to gross errors, 
nd that an attempt to base the design of an engine on the theory 

a steam-engine with a non-conducting cylinder can lead only 
o confusion and disappointment. 

The most apparent effect of the influence of the walls of the 
cylinder on the indicator-diagram is to change the expansion 
ind the compression lines; the former exhibits this change most 
dearly. In the first place the fluid in the cylinder at cut-off 
:onsists of from twenty to fifty per cent hot water, which is found 
nainly adhering to the walls of the cylinder. Even if there 
,verc no action of the walls during expansion the curvT would be* 
Tiuch less steep than the adiabatic line for dry saturated steam. 
But the rc^vaporalion during expansion still further changes the 
:urvc, so that it is usually loss steep than the rectangular 
lypcrbola. 

It rnay be mentioned that the fluctuations of temperature 
in the walls of a steam-engine cylinder caused by the conden- 
sation and relivaporation of water do not extend far from the sur- 
face, but that at a very moderate depth the temperature remains 
constant so long as the engine runs under constant conditions. 

The performance of a steam-engine is commonly stated in 
pounds of steam per horse-power per hour. For example, a 
small Corliss engine, developing 16.35 horse-power when 
running at 61.5 revolutions per minute under 77.4 pounds 
boilcr-pro.ssurc, used 54S pounds of steam in an hour. The 
steam consumption was 

548 4- 16.35 = 33^5 
pounds per horse-power, per hour. 
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This mclhod wfts considered aiifl'icienl in the earlier history 
of the steam-engine, and may now be used for comparing simple 
condensing or non-condensing engines which use saturated 
steam and do not have a steam-jacket, for the total heat of steam, 
and consequently the cost of making steam from water at a given 
temperature increases but slowly with the pressure. 

The performance of .slcam-enginc.s may be more exactly 
.stated in Uriiish thermal units i)er horse-power per minute. 
This mclhod, or some method eriuivalent to it, is csscnUal in 
making comparisons to discover the advantages of superheat- 
ing, slcam-jackcling, and com|)oun(ling. I’or example, the 
engine just referred to used steam Cimluining two per cent of 
moisture, so that :v\ at the sleam-pressurc of 77,4 (jounds was 
0.98. TI1C barometer showed the pressure of the atmosphere 
to be 14.7 pounds, and ibis was also the Irack-prcssurc during 
exhaust. If it be assumed that the fcwl-water was or could 
be healed to the corresponding lempcraliirc of ara^F., the 
‘ heat required to evaporate it agalnsl 77.4 pounds above the 
aimo8i)hcrc or ga.i pounds absolute was 

4. - <7, 0.98 X 888.0 -I- aqa.i ™ 180.3 982.0 n.T.u. 

The thermal units per horse-power [)cr minute were 

<l8i5JL3at5 .. c jg. 

60 

Efficiency of the Actual Engine. When the thermal units 
per horsc-iKiwcr per minute arc known or can be readily cal- 
culated, the cflicicncy of the ncinal slcam-cnginc may be found by 
the following method ; A horse-power corrcai)omla to the develop- 
ment of 33000 fool-pound.M per minute, which arc criulvalcnt to 

33000 -r- 778 42.43 

thermal units. This quantity la proportional lo Q^ - Q,, and 
llic thermal units consumed i)cr hor8c-i)owcr per minute are 
proportional to (),, so that the cflicicncy is 


0 E»a 


Qi— ~ i_Gj 


. 

n.T.u. per li.P. per min. 


For example, the Corliss engine mentioned above liiui an 
efficiency of 

43w| 2 -i- 548 =“ 0.077. 

This same mclliod may evidcnily be apf)licd to any heat- 
engine for which the coiwumplion in lliermal nnilM per horse 
power per hour can be applied. 

From the tcsls reported in Clm|>tt'r XJJI it appears llrnl tin* 
engine in the laljoralory of the IVTaasafluiselts InstiUUe of Tet h 
nology on one occ(i.sion icsod 1,3.73 {louml.s of .Mleam per )u»rse 
power per hour, of which 10.86 pounds were supplied lo the 
cylinders and 2.87 jiound.s were conflen.sed in .slean) jinffielH on llie 
cylinders. The steam in the su))ply'pi]te had the prensure «tf 
157.7 pounds ab.solulc, and containttl i.a per lenl of nioi*.uire. 
The heat sup])liecl lo the cylinders jut minute in the steam 
admitted was 

10.86 {x,r, -1- (7, - <7,) -r- 60 
■a 10.86 (0.988 X 858.6 - 1 - 333.9 •“ lad.o) + 60 
=> 191 Ji.T.u.; 

f, being the heal of the liquid at the lempcmlure of the lmck> 
pressure of 4.5 pound.s absolnle. 

The steam condensed in the Hleam-jaekels was wiilidrnwn 
at the temperature due lo the pressure and coulrl have l«vfi 
returned lo tlic boiler at that icmjieraiure; tomipt|uently ihn 
heal required lo vaporise it was r,, and the heat fiirnishctl by 
the steam in the jackets was 

2.87 X 0.98 X 858,6 4- 60 40.6 n.T.t/. 

The heat consumed by the engine was 

191 -I- 40.6 333 n.T.u. 

per horse-power per minute, and the clTiciency was 
e « 43.43 4- 333 »» 0,183. 
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The dTicicncy of Carnot’s cycle for the range of temperatures 
corresponding to 157.7 4-5 pounds absolutCj namely, 821®. j 

and 6i7®.a absolute, Is 


C 6=^ 



'J\ 


821.7 ~ 617. 2 
821.7 


0.248. 


The efficiency for a non-conducting engine with complete 
expansion, calculated by ccpiution (144), is for this ease 


c"< 


•'vr. 


^ *1- ?, - <7, 


«=> I 


0.821 X 1004.1 
858.6 -I- 333-9 ~ •‘26.0 


0.227 


where -v, i.s calculated by the cf|uaiion 

BO — bZiH— o,ci8q — 0.2282') 0.821, 

1004.1 \821.7 ' / 


During the test in question the terminal pressure at the end of 
the exjiansion in the low-pressure cylinder was 6 i»ounds abso- 
lute, which gives 


620.6 / 858.1 
005.8 \82I. 


-I- 0.5189 - 0.2475) 0.832, 


and the efficiency by equation (148) was 

I _ + ?2 ~ J. i P^—PA.M.<> 

^ d- !?i " !Zi 

„ 0-832 X 005.8-1 38.0 H- 1 26.o-i- H U (’6-4.5)o.83a x6a 

858.0-1-333.9-120.0 

■=» 0.222. 

The real criterion of the perfection of the action of an engine 
is the ratio of its actual cflicicncy to that of a perfect engine, 
If for the perfect engine we choose Carnot’s cycle the ratio is 

c 0.183 



cf 0.2485 


0.736. 
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But if we take for our standard an engine with a cylinder of non- 
conducting material the ratio for complete expansion is 

e o.iSt „ 

— ^ = 0.807. 

O 0*227 

For incomplete cxpiinsion the ratio is 

e 0*183 o 

— = =0.824. 

cf” 0.222 


To complete the comparison it is interesting to calculate 
the steam-consumption for a non-conducting steam-engine by 
equation Ci49)j hotli for complete and for incomplete expan- 
sion. For complete expansion we have 

60 X ‘^'^000 , 

— \ 7 — r — ic>.5 pounds, 

778 X 0.227 (858.6 -h 333.9 - 126.0) 

and for incomplete expansion 

60 X *^3000 * 

— — 7 n 7 — ; = 10.7 pounds 

778 X 0.222 (858.6 -f 333.9 - 126,0) 

per horse-power per hour. 

But if these steam-consumptions arc compared with the 
actual steam-consumption of 13.73 pounds per horse-power 
per hour, the ratios are 

^3-73 ^ 0.766 and 10.7 X3.73 = 0.783, 

which are very dilTerent from the ratios of the efficiencies. The 
discrepancy is due to the fact that more than a fourth of the 
slcam used by the actual engine is condensed in the jackets 
and returned at full steam temperature to the boiler, while the 
non-conducting engine has no jacket, but is assumed to use all 
the steam in the cylinder. 

From this discussion it appears that there is not a wide margin 
for improvement of a well-designed engine running under favor- 
able conditions. Improved economy must be sought either by 
increasing the range of temperatures (raising the steam-pressure 


I 

J 
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or improving ihc vacuvim), or by choosing .sonic olhcr form of 
hcat-molor, .such ns ihc gus-cnginc. 

AUcnlion should be called lo llie fact that the real criterion of 
ihe economy of u hcnl-cnginc is the cost of producing iiowcr by 
that engine. The co.sl may be cxprc.ssecl in thermal unils per 
horse-power per minute, in imunds of steam i»cr horse-power 
per hour, in coal per hor.sc-power [ler hour, or directly in money. 
Tlic cxiircssion in thermal units is the most exac t, and the best 
lor comparing engines of the same class, such as steam-engines. 
If the same fuel can be used for different engines, such as slcam- 
anci gns-cnginc.s, then the cost in pound.s of fuel per horse-power 
per hour may lie mo.sl instructive. IKil in any case the money 
cost must be the final criterion. The rca.son why it is not more 
frcciucnlly staled in rcporl.s of Ic.sis is that it is in many cases 
somewhat difiicuU to dclerminc, and because it is affected by 
market prices which arc subject to change. 

At the present lime a prc.s8urc as high as 150 pounds above 
the atmosphere is used where good economy is exiicctcd. It 
appears from the table on page 132, .showing the cfiicicncy of 
Carnot's cycle for various prc.ssures, that tlie gain in economy 
by increasing sicam-firessurc above 150 ))ounda is slow. The 
same thing is shown even more clearly by the following table: 


EFFECT OF KAISINO .STKAM-PUKSSUKK. 





Holler* 
^ireiitire by 
Gauge. 

Kfncletioy) 
Cfttnori Cyt\t, 


1 


KDlclency. 

j H.P. per 

1 Mliiiitd. 


150 

0. 30a ^ 



aoo 

o.,3ao 

0.388 


300 

o. 3-17 

0.306 

U5 



► 



Prohehle Perlormme, 

1 Aeitinl Kiigbe. 

Il.T.U.per 
M.P. per 
Minute. 

Sieem prr 
IIP. per 
llotjr. 

m 

n.S 

18.1 

ro.S 

•60 

i).(} 


In the calculations for this table the steam la supposed to be 
dry as it enters the cylinder of the engine, and the back-pressuro 
is supposed to be 1.5 pounds absolute, while the expansion for 
the non-conducting engine is assumed to be complete. The 
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heat-consumplion of the non-contiuclinf; cnRinc is (tbtninrd l.y 
dividing 42.^12 by the clTicicncy; llms for 150 pounds 
42.42 -r 0.272 •-> 15O. 

The lical-consumplioii of the actiml engine is iissumed l« Itc 
one-fourth greater than that of the non-conducting engine. 'I‘he 
stcam-consumption is calculated by the reversal of the mellHsl 
of calculating the thermal units per horse-jtower |icr minute 
from tlic steam per horse-power per liour, and for simplicity 
ail of the steam l.s assumed to be .supplied lo the cylinder, lint 
an engine which simll show such an economy for a given pressiirr 
as that set clown in Ihc table must be a triple or a ipiadruple 
engine and must be thoroughly steain-jackeled. ‘I'lie iidunl 
stcam-consumption is certain to be a little larger limit limt given 
in Ihc table, as steam condensed in a steam jacket yiehli* leno 
heal than lliat passed through tlie cylinder. 

It is very doubtful if the gain in fluid efficiency due to im rea-sing 
steam-pressure above 150 or 200 poiinds is not offset liy the greater 
friction and the dilTiculiy of maintaining the engine, ffigher 
pressures than 200 pounds arc used only where great power must 
be developed with small weight and apace, as In torpedo- lamia. 

Condensers. — Two forms of condensers are used to rondenae 
the steam from a steam-engine, known as jet-rondensera ami 
surface-condensers. The former arc commonly ttaecl for land 
engines; they consist of a rcccplacle having a voiurne ecpiai to 
onc-fourih or one-third of that of the cylinder or cylimtera that 
exhaust into it, into which the steam passes from the exiiauai pi|K< 
and where it meets and is condensed liy a sjmiy of cold water. 

If it be assumed that the steam in ilu- exhnimt pijie k dry 
and saluraictl and that it is condensed from the presanire /> ami 
cooled to tlio tcmpcrnlurc /*, (hen the heat yielded per pound 

of steam is rr 

Ji " r/i, 

where H is the total heat of .steam at the pressure fi, nnd k the 
heat of the liquid at the temperature The heal ncquiretl by 
each pound of condensing or injection water is 

fji - ?(. 
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ISO 


where is the heat of the Uqukl at the temperature of the 
injcclion-waler as it enters the condenser. Each pound of steam 
will require 

G^r±JLUL*, 

Qk-Qi 


(150) 


pounds of injection-water. 

For example, slcam at 4 pounds absolute has for the total 
heal 1128.6. If the injection-water enters with a temperature 
of 60* F., and leaves with a temperature of 120° F., then each 
pound of steam will require 


r -h <7 — 7^ _ 1128.6 — 88.0 
<lk ~ Q ( 88.0 — 28.12 


pounds of injection-water. Tliis calculation is used only to 
aid in determining the .size of the pipes atul passages leading 
water to and from the condenser, and the dimcn.sion.s of the nir- 
piimp. Anything like refinement is ii8cle.ss and imi)Os.sil)lc, 
as conditions arc seldom well known and arc liable to vary. 
From 20 to 30 limes the weight of steam used by tlic engine is 
commonly taken for this purpose. 

The jet-condensers cannot be u.scd at .sea when the boiler- 
pressure exceeds 40 pounds by the gauge; all modern steamers 
arc consequently supplied with surface-condensers which consist 
of receptacles, which arc commonly rectangular in shape, into 
which steam is exhausted, and where it is condensed on horizontal 
brass tubes through which cold sea-water is circulated. The 
condensed water is drained out through the air-pump and is 
rolurncc! to the boiler. Thus the fccd-walor is kepi free from 
salt and other mineral matter that would be pumped into the 
boiler if a jet-condenser were used, and if the feed-water were 
drawn from the mingled water and condensed slcnm from 
such a condenser. Much trouble is, however, experienced 
from oil used to lubricate the cylinders of the engine, ns it is 
likely to be pumped into the boilers with the feed-water, even 
though attempts arc made to strain or filter it from the water. 

The water withdrawn from a surface-condenser is likely to 


AUi-PUMP 




W-^«!SaiS5eS5B3l»b»-. 


have ft different icnipcriUure from the cooling water when it 
leaves the condenser. If its temperature is then we have 
instead of erpialion (150) 


C . , L±JL=lh 

'Ik “ Hi 


. . C151) 


for the cooling water per pouivfi of steam. Tlie diiTcrcnce is 
really immaterial, as it makes little differetue in the actual value 
■)( G for any ease. 

Cooling Surface. — Kxpcrimetils on ilu* (luantily of cooling 
iiirfacc required by a surface-condenser are few and uimtis- 
factory, find a comparison of condensers of marine engines 
shows a wide diversity of practice. Seaton sny.s that with an 
initial temperature of Oo®, and with lao® for llu* feed- water, a 
:onclcnsfttion of r,^ (lounds of steam |)er siiuare font per hour 
s considered fair work. A new condenser in good condition 
nay condense much more steam per aqimrc fool jter hour iluin 
his, but allowance must ho marie for fouling and clogging, 
;spccially for vessels that make long voyages. 

Seaton also gives the following tal)le of square feci of cooling 
lurfacc per indicated horse-power: 


AbiuUitft T^rrnlnftl 
Pounds jfcr ^r|yir« Indli. 


HqtiArf) 

tter I. IL I*. 


For ships stationed in the tropics, allow ao per cent more; 
or ships which occasionally visit the Irojiics, allow 10 [)cr cent 
aorc; for ships constantly in a cold climate, 10 per cent less 
aay be allowed. 

Air-Pump. — The vacuum in i)ic condenser i.s maintained 
y the air-pump, which pumps out the air which finds its way 
here by leakage or otherwise; ll»c condensing water carries 
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a considerable volume of air inlo ihe condenser, and the $ 
of ihc air-pump cun be liascd roughly on the average pcrccnU 
of air held in solution in water; the air wltich finds its way i 
a surface-condenser enters mainly by leakage around the It 
pressure piston-rod and elsewhere. 

It is customary to base the size of the air-pump on the t 
placement of the low-pressure piston (or pistons); for exam) 
the capacity of a single-acting vertical air-pump for a merch 
steamer, with tripic-cx))ansion engines, may be about uV of 
cajiacity of the low-pressure cylinder. 

With the introduction of steam-turbines, the importance 
a good vacuum iiecomcs more marked, and the duty of the i 
pum|), which commonly removes air and also the water of c 
densalion from the condenser, is divided between a dry 
pump, which remove's air from the condenser, and a wa 
pump, which removes the water of condensation. Air-piir 
arc treated more at length on i>agc 374, in connection with 
discussion of compressed air. 

Designing Engines. — The only question that is propi 
discussed here is the prolmbic form of the indicator-diagri 
which gives immediately (he method of finding the mean cITcc 
pressure, and, consequently, the size of the cylinder of the eng 
The most reliable way of finding the expected mean cfTcc 
pressure in the design of a new engine Is to measure an indica 
diagram from an engine of the same or similar type and £ 
and working under the same conditions. 

Tf a new engine varies 
much from the ty|ic on wl 
the design is based that 
diagram from the latter cat 
\ he used directly, the follov 

^ method may be used to a 

k(«risii for moderate cliangcs of lx 

pressure or cxjmnsion. 

type diagram cither on the original card or redrawn to a In 
scale, may have added to it the axis of zero pressure and 
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ime OV and OP (Fig. 35a). The former is laid off parallel to 
he atmospheric line and at a distance to represent the pressure 
if the atmosphere, using the scale for measuring pressure on the 
llagram. The latter is drawn vertical and at a distance from a/ 
vhich shall bear the same ratio to the length of the diagram as 
he clearance space of the cylinder has to the piston-displacc- 
nent* The boiler-pressure line may be drawn ;is shown. The 
.bsoliUc pressure may now be measured from OV with the proper 
calc and volume from OP with any convenient scale. 

Choosing points b and c at the beginning and end of expanr 
ion determine the exponent for an exponential ecjuation by the 
ncthod on page 66; do the same for the compression curve ef, . 

Draw a diagram like Fig. 35 for the new engine, making the 
proper allowance for change of boiler* pressure or point of cut- 
)ff, using the probable clearance for determining the position 

the line a/. Allowing for loss of pressure from the boiler to 
;hc cylinder, and for wire-drawing or loss of pressure in the 
t'alvcs and passages, locate the points a and b. The back- 
pressure line de can be drawn from <an estimate of the probable 
/acuum. The volumes at c and e are determined by the action 
-yf the valve gear. By aid of the proper exponential equations 
ocate a few points on be and ef and sketch in those curves. 
Finish the diagram by hand by comparison with the type dia- 
gram. If necessary draw two such diagrams for the head and 
:rank ends of the cylinder. The mean effective pressure can 
now be determined by aid of the planimctcr and used in the 
ilcsign of the new engine. 

Usually the refinements of the method just detailed arc 
avoided, and an allowance is made for them in the lump by a 
practical factor. The following approximations arc made : 
(:) the pressure in the cylinder during admission is assumed 
to be the boiler pressure, and during the exhaust the vacuum 
in the condenser; (2) the release is taken to be at the end of 
the stroke; (3} both expansion and compression lines are treated 
as hyperbolae. The mean effective pressure is then readily 
computed as indicated in the following example. 
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Problem. — Required the dimensions of the cylinder of an 
engine to give 200 horse- pow'cr; revolutions 100; gauge pressure 
80 pounds; vacuum 28 inches; cut-off at i stroke; release at end 
of stroke; compression at yV stroke; clearance 5 per cent. 

The absolute boiler-pressure is 94.7 pounds, and the absolute 
pressure corre-sponding to 28 inches of mercury is nearly one 
pound. It is convenient to take the piston displacement as 
one cubic foot and the stroke as one foot for the purpose of 
determining the mean effective pressure. The volume of cut- 
off is consequently J cubic foot due to the motion of the piston 
plus cubic foot due to the clearance or 0.35 cubic foot; the 
volume at release is 1.05 cubic foot, and at compression is 0.15 
cubic foot. 

The work during admission (corresponding to ab, Fig. 35a) is 
94.7X144 X0.3S foot-pound, 
and during c.\panston is 

log«^ = 94.7 X 144 X 0.35 log, 

The work during exhaust done !)y the piston in expelling the 
steam is 

1 X 144 X (r - 0.15), 
and the work during compression is 

I X 144 X 0.15 log, 

0.05 

The mean effective pressure in pounds per square inch is 
obtained by adding the first two works and subtracting the last 
(wo and then dividing by 144, so that 

M.E.P. = 94.7 X 0.25 + 94.7 X 0.35 log, 

- I X 0.85 - I X 0.15 log. ^ = 59.1. 

0.05 

The probable mean effective pressure may be taken as 
of this computed pras.sure, or 53.2 pounds per square inch. 
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Given the diameter and stroke of an engine together with the 
mean effective pressure, and revolutions, we may find the horse- 
power by the formula 

I.H.P. - 

33^00 

where p is the mean effective pressure, I is the stroke in feet, a is 
the area of the circle for the given diameter in square inches, and 
n is the number of revolutions per minute. For our case we 
may assume that the stroke is twice the diameter, whence 

2 d 'ird^ 

2 X 53.2 X — X — X 100 
12 4 

200 — 

33000 

d — 16.8 inches, ^ — 33.6 inches. 

In practice the diameter would probably be made 16J inches 
and the stroke 33^* inches. 
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COMPOUND ENGINES. 

A COMPOUND engine has commonly two cylinders, one of 
which is three or four times as large as the other. Steam from 
a boiler is admitted to the small cylinder, and after doing work in 
that cylinder it is transferred to the large cylinder, from which 
it is exhausted, after doing work again, into a condenser or 
against the pressure of the atmosphere. If we assume that the 
steam from the small cylinder is exhausted into a large receiver, 
the back-pressure in that cylinder and the pressure during the 
admission to the large cylinder will be uniform. If, further, wo 
assume that there is no clearance in either cylinder, that the 
back- pressure in the small cylinder and the forward pressure in 
the large cylinder arc the same, and that the expansion in the 
small cylinder reduces the pressure down to tlic back-presSurc in 
that cylinder, the diagram for the small cylinder will be A BCD, 



Fig. 36, and for the large cylinder DCFG, The volume in the 
large cylinder at cul-ofT is equal to the total volume of the small 
cylinder, since the large cylinder takes from the receiver the same 
weight of steam that is exhausted by the small cylinder, and, in 
this ease, at the same pressure. 

The case just discussed is one extreme. The other cxtrcnio 
occurs when the small cylinder exhausts directly into the largo 
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cylinder without an intermediate receiver. In such engines the 
pistons must begin and end their strokes together. They may 
both act on the beam of a beam engine, or they may act on one 
crank or on two cranks opposite each other. 

For such an engine, A BCD, Fig. 37, is the diagram for the 
.small cylinder. The steam line and expansion line AB and BC 
are like those of a simple engine. When the piston of the small 
cylinder begins the return stroke, communication is opened with 
the large cylinder, and the steam passes from one to the other, 
and expands to the amount of the difference of the volume, it 
being assumed that the communication remains open to the end 
of the stroke. The back-prcs.surc line CD for the small cylinder, 
and the admission line HI for the large cylinder, gradually fall ^ 

on account of tliis expansion. The diagram for the large cylin- I 

dcr is HJKG, which is turned toward the left for convenience. I 

To combine the two diagrams, draw the line abed, parallel to | 

VO V, and from b lay off bd equal to ca; then d is one point of the j 

expansion curve of the combined diagram. The point C corre- 
sponds with II, and E, corresponding with I, is as fur to the right I 

as / is to the left. ] 

For a non-conducting cylinder, the combined diagram for a i 

compound engine, whether with or without a receiver, is the same 
as that for a simple engine which has a cylinder the same size 
as the large cylinder of the compound engine, and which lakes 
at each stroke the same volume of steam as the small cylinder, 
and at the same pressure. The only advantage gained by the 
addition of the small cylinder to .such an engine is a more even 
distribution of work during the stroke, and a smaller initial stress 
on the crank-pin. 

Compound engines may be divided into two classes — those 
with a receiver and those without a receiver; the la*lcr arc called 
“Woolf engines ” on the continent of Europe. Engines without 
a receive!* must have the pistons begin and end their strokes at 
the same time; they may act on the same crank or on cranks 180® 
apart. The pistons of a receiver compound engine may make 
strokes in any order. A form of receiver compound engine with ’ . i 
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two cylinders, commonly used in marine work, has the cranks 1 
90° lo give luindincss and certainty of action. Large mnrii 
engines have been made with one small cylinder and two larj 
or low-pressure cylinders, both of which draw steam from ll 
receiver and exhaust to the condenser. Such engines usual 
have tite cranks at 120°, though other arrangements have bet 
made. 

Nearly all compound engines have a receiver, or a spa 
between tlic cylinders corrcsjionding lo one, and in no case 
the receiver of sunicicnl size lo entirely prevent fluclualions 
pressure. In the later marine work llie receiver has been mni 
small, and frequently the steam-chests and connecting pipes ha 
been allowed lo fulfil that function. This contraction of si 
involves greater fluclualions of pressure, but for other reasons 
appears to be favorable lo economy. 

Under proper conditions there is a gain from using a coi 
pound engine insitead of a simple engine, which may amount: 
ten per cent or more. Tliis gain Is to be attributed lo the divis! 
of the change of temperature from that of the steam at admissl 
lo that of exhaust into two stages, .so that there is less Illicit 
lion of temperature in a cylinder and consequently lcs.s inti 
change of heat between the steam and the walls of the cylintl 

Compound Engine without Receiver. — The indicutor-<l 
grams from a compound engine without a receiver arc rep: 

scnlcd by Fig. 38. Tlic steam line and exjM 
sion line of the small cylinder, AB and J 5 C, 
not differ from those of a simple engine. At 
tlic exhaust opens, and the steam sucicicr 
expands into the space lictwecn the cylinch 
and the clearance of the large cylinder, and i 
0 pressure falls from C to D. During the rctv 
stroke the volume in the large cylinder increases more rtiplc 
than that of the small cylinder decreases, so that the back-pre 
urc line DE gradually falls, as docs also the admission line 1 
of the large cylinder, the difTcrcncc between these two lines be: 
due lo the resistance lo the flow of steam from one lo the oth 
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At E the communication between the two cylinders is closed by 
the cut-off of the large cylinder; the steam is then compressed 
in the small cylinder and the space between the two cylinders 
to E, at which the exhaust of the small cylinder closes; and the 
remainder of the diagram FGA is like that of a simple engine. 
From /, the point of cut-o/T of the large cylinder, the remainder 
of the diagram is like the same part of the diagram 

of a simple engine. 

The difference between the lines ED and HI and the “ drop 
CD at the end of the stroke of the small piston indicate waste 
or losses of efiicicncy. The compression EEG and the accom- 
panying independent expansion IK in the large cylinder show a 
loss of power when compared with a diagram like Fig. 37 for an 
engine which has no clearance or intermediate space; but com- 
pression is required to fill waste spaces with steam. The com- 
pression EE is required to reduce the drop CZ>, and the compres- 
sion EG fills the clearance in anticipation of the next supply from 
the boiler. Neither compression 
is complete in Fig. 38. 

Diagrams from a pumping en- 
gine at Lawrence, Massachusetts, 
are shown by Fig. 39. The 
rounding of corners clue to the 
indicator makes it difficult to de- 
termine the location of points like 
D, E, E, and / on Fig. 38. The 
low-pressure diagram is taken 
with a weak spring, and so has an 
exaggerated height. 

Compound Engine with Receiver. — It has already been 
pointed out that some receiver space is required if the cranks 
of a compound engine arc to be placed at right angles. When 
the receiver space is small, as on most marine engines, the fluc- 
tuations of pressure in the receiver arc very notable. This is 
exhibited by the diagrams in Fig. 40, which were taken from a 
yacht engine, An intelligent conception of the causes and meaning 
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of such fluctuations can be best obtained by constructing ideal 
diagrams for special eases, as explainc{l on page 164, 

Triple and Quadruple Expansion- 
Engines. — The same influences which 
introduced the compound engines, when 
the common steam-pressure changed 
from forty to eighty ])ounds to the 
square inch, have brought in the succes- 
sive expansion throiigli three cylinders 
(the high-i)rcssure, intermediate, and 
low-pressure cylindcns) now that 150 to 200 pounds pressure arc 
employed. Just as three or more cylinders arc combined in 
various ways for compound engines, so four, five, or six cylinders 
have been arranged in various manners for lriplc-cx])an8ion 
engines j the customary arrangement has three cylinders with the 
cranks at 180®. 

Quadruple engines with four successive expansions have been 
employed with higli-prcssurc steam, but with the advisable 
pressures for present use the extra complication and friction 
make it a doubtful cxi)cdicnt. 

Total Expansion. — ■ In Figs. 36 and 37, representing the dia- 
grams for compound engines without clearance and without 
drop between the cylinders, the total expansion is the ratio of 
the volumes at E and at B\ that is, of the low-i)rcssurc piston dis- 
placement to the displacement developed by the high-pressure 
piston at cut-off. The same ratio is called the total or equiva- 
lent expansion for any compound engine, though it may have 
both clearance and drop. Such a conventional total expansion 
is commonly given for compound and multiple-expansion engines, 
and i.s a convenience because it is roiigljly equal to the ratio of 
the initial and terminal pressures; that is, of the pressure at 
cut-off in the high-pressure cylinder and at release in the low- 
pressure cylinder. It has no real significance, and is not equiva- 
lent to the expansion in the cylinder of a simple engine, by which 
we mean the ratio of the volume at release to that at cut-ofT, tak- 
ing account of clearance. And further, since the clearance of 
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the high- and the low-pressure cylinders arc different there can 
be no real equivalent expansion* 

If the ratio of the cylinders is R and the cut-off of the high- 

pressure cylinder is at ^ of tlie stroke, then the total expansion 
is represented by ^ 

R » eR 

= ie + e, 

e 

This last equation is useful in determining approximately the 
cut-off of the high-pressure cylinder. 

For example, if the initial pressure is loo pounds absolute and 
.the terminal pressure is to be ro pounds absolute, then the total 
expansions will be about lo. If the ratio of the cylinders is 
then the high-pressure cut-off will be about 

j - 3i s- lo - 0.3s 

of the stroke. 

Low-pressure Cut-off. — The cut-off of the low-pressure 
cylinders in Figs. 36 and 37 is controlled by the ratio of the 
cylinders, since the volumes in the low-pressure cylinder at cut- 
off is in each case made equal to the high-pressure piston dis- 
placement; this is done to avoid a drop. If the cut-off were 
lengthened there would be a loss of pressure or drop at the end 
of the stroke of the high-pressure 
piston, as is shown by Fig. 41, ^ 

for an engine with a large receiver 
and no clearance. Such a drop will \ 
have some effect on the character of \ 
the expansion line of the low- \o 
pressure cylinder, both for a non-con- o_Jol^o" 

ducting and 'for the actual engine ^ ^ 

with or without a clearance* Its o 
principal effect will, however, be on 

the distribution of, work between the cylinders; for it is evident 
that if the cut-off of the low-pressure cylinder is shortened the 
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pressure at C" will be increased because the same weight of steam 
is taken in a smaller volume. The back-i)icssurc DC of the 
high-pressure cylinder will be raised and the work will be 
diminished; while the forward pressure DC of the low- 
pressure cylinder will be raised, increasing the work in that 
cylinder. 

Ratio of Cylinders. — In designing compound engines, more 
especially for murine work, it is deemed important for the smooth 
action of the engine that the total work shall be evenly distribulccl 
upon the several cranks of the engines, and that the maximum 
pressure on each of the cranks shall be the .same, and shall not 
be excessive. In case two or more pistons act on one crank, 
the total work and the resultant pressure on those pistons arc 
to be considered; but more commonly each i>iston acts on a 
separate crank, and then the work and pressure on the several 
pistons arc to be considered. 

In practice both llic ratio of lltc cylinders and the total expan- 
sions are assumed, and then the dialriliution of work anti the 
maximum loads on the crank-pins are calculated, allowing for 
clearance and compression. Designers of engines usually liavc 
a .sufllcicnt number of good c.xami>lea at hand to enable them 
to assume these data. In default of such data it may be neces- 
sary to assume proportions, to make preliminary calculations, 
and to revise the proportions till satisfactory results arc obtained. 
For compound engines using 80 [munds steam -presaure the ratio 
is 1 : 3 or I ; 4. For triple-expansion engines llie cyllnclcrs may 
be made to increase in the ratio i : 2 or i : ajr. 

Approximate Indicator-Diagrams, — The indicator-diagrams 
from some compound and mvdliple-cxiJansion engines arc irreg- 
ular and apparently erratic, depending on the scciucncc of. the 
cranks, the action of the valves, and the relative volumes of the 
cylinders and the receiver spaces. A good idea of the effects and 
relations of these several influences can be obtained by making 
approximate calculations of pressures at the proper parts of the 
diagrams by a method wliich will now be illustrated. 

For such a calculation it will be assumed that all expansion 
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limes are rectangular hyperbola:, and in general that any change 
Df volume will cause the pressure to change inversely as the 
volume. Further, it will be assumed that when communication 
is opened between two volumes where the pressures are different 
the resultant pressure may be calculated by adding together the 
products of each volume by its pressure, and dividing by the sum 
of the volumes. Thus if the pressure in a cylinder having the 
volume is Pa fii^d if the pressure is pr in a receiver where 
the volume is v^y then after the valve opens communication from 
the cylinder to the receiver the pressure will be 

p ^ , 

Vc +Vr 

The same method will be used when three volumes arc put into 
communication. 

It will be assumed that there arc no losses of pressure due to 
throttling or wirc^drawing; thus the steam line for the high- 
pressure cylinder will be drawn at the full boiler-pressure, and 
the back-pressure line in the low-pressure cylinder will be drawn 
to correspond with the vacuum in (he condenser. Again, cylin- 
ders and receiver spaces in communication will be assumed to 
have the same pressure. 

For sake of simplicity the motions of pistons will be assumed 
to be harmonic. 

Diagrams constructed in this way will never be realijced in 
any engine; the degree of discrepancy will depend on the type 
of engine and the speed of rotation. For slow-specd pumping- 
engines the discrepancy is small and all irregularities are easily 
accounted for. On the other hand the discrepancies arc large 
for high-speed marine-engines, and for compound locomotives 
they almost prevent the recognition of the events of the stroke. 

Direct- expansion Engine. — If the two pistons of a compound 
engine move together or in opposite directions the diagrams 
arc like those shown by Fig. 42. Steam is admitted to the high- 
pressure cylinder from a io b\ cul-ofT occurs at i, and be repre- 
sents expansion to the end of the stroke; be being a rectangular 
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hyj)crbo!a referred to the axes O V and OP, from which a, b, 
c arc laid off to represent absolute pressures and volumes, incl 
:ng clearance. 



At the end of the stroke release from the high- pres 
cylinder and admission to the low-pressure cylinder are assii 
to take place, so that communication is opened from the 1 
pressure cylinder through' the receiver space into the low-p 
lire cylinder. As a consequence the pressure fails from c 1 
and rises from n to h in the low-pressure cylinder. The 
O'P' is drawn at a distance from OP, which correspond.s tc 
volume of the receiver space, and the low-pressure diagra 
referred to O'P' and O' V as axes. 

The communication between the cylinders is maintained 
cut-off occurs at i for the low-pressure cylinder. The lini 
ami hi represent the transfer of steam from the high-pre 
to the low-pressure cylinder, together with the expansion d' 
the increased size of the large cylinder. After the ciu-ofT 
the largo cylinder is shut o(T from the receiver, and the slcn 
it expand.s to the end of the stroke. The back-pre.ssiirc 
compression lines for that cylinder arc not affected by com pc 
ing, and arc like those of a simple engine. Meanwhile the 
piston compresses steam into the receiver, as rcprcaenlc 
ef, till compression occurs, after which compression inti 
clearance space is rcprcscnlcd by fg, The expansion and 
pression lines ik and mn arc drawn as hyperbolic referred 1 
axes O'P' and O' V'. The compression line c / is drawn as ii n 1 
hola referred to O'V and O'P', while fg is referred to 0 V and 
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In Fig. 4a ihe two clingnims lire drawn with llie .xiimt' m«Ii* 
for volume and pressure, and are pliiecil so as to slitiw to llie 
eye tJie rclation.s of the diagrams to eiudi olluT. Diiigriirns 
taken from sucli an engine resemhic tiuwi* of Fig. ,ig, wltiih 
have l)ic same Icnglli, and different verlind Biales depending 
on the spring.s u.scc[ in tlie indicators. 

Some engine.? have only one valve to give release and com 
pression for the high-prcs.siire cylinder and admission and itii 
olT for the low-pressure cylinder, fn sucii case there is no 
receiver space, and the point.? canfl /coincide. 

When (he receiver is closed liy the compression of the liigh 
pressure cylinder it is filled with steam with the pressure repre- 
sented hy /. It is assumed (Iml the pressure in the miivrt 
remains unchanged till the receiver is ojicned at the end of tlie 
stroke. It is evident that the rlro^cif may la- reilni cd hi short 
cninglhc eut-oiT of the low-pressure cylinder so ik to give more 
compression from e to /and ion.?et|Ueiilly n higlter pressure ni 
/ when the receiver is closed. 

Representing the ])resHure and volume at the several point? 
by fi and v with appropriate .siihscript letters, and represent 
ing the volume of the receiver l»y iv, we have Ihe following 
equations: 

pa pt «« initial prcsstire; 
pi =' pm^ hack-|HX'SHiirc; 
pc « piVv -i* V/, 
pH pmVm -(• v „ ; 

p.t - ph “ (peVe -I- />„V„ I- /yiv) -t- (V, -|. 1., I IV); 

A “> A "=■ p„ (V, v„ 4- r*,.) +• (V, h V, j- V,)! 

P/ “ pc {% d- V,.) -r (V/ !• V,.); 

/>„ » p/u^ -t- V/, 
pi “■ piVt 4- Vt. 


The pressures />„ and p„ can he caleulaieci directly. '1‘hen the 
equations for p.„ Pc, and form a set of three simiiluirieous 
equations with three unknown quiiiuilies, which run he easily 
so vc( . Finally, p^ and may )jc calcuintt'cl directly. 






For example, Icl us find jJic approximate diagram for a direct-, 
expansion engine which 1ms the low-pressure piston displacement 
equal to three times the high-pre.ssurc piston displacement. 
Assume llmt tlie receiver .space is half (lie .smaller piston dis- 
placement, and that tlic clearance for each cylinder is onc-lcnlh 
of the corresponding piston displacement. Let the cut-olT for 
each cylinder be at half-stroke, and the com[)rcssion at nine- 
tenths of the stroke; let the admission and release be at the end 
of the stroke. Let the initial pressure be 65.3 iiounds by the 
gauge or 80 pounds absolute, and let the back-pressure be two 
pounds absolute. 

If the volume of the high-pressure piston displacement be 
taken as unity, then the .several required volumes arc: 

= 0.5 4 - o.i = 0.6 i'a =• I’m = 3 X o.i « 0.3 

Vf = = i.o -p O.I « i.i • V/ =» 3 (0,5 -p O.i) => 1.8 

~ O-S 4 " 0.1 = 0.6 “ 3 (i-o 4 * o.i) *“ 3.3 

Vf — o.i -P o.i = 0.2 v,„ «=> 3 (0.1 4 - 0.1) = 0,6 

^ o#i 7;^, » 

The pressures may be calculated as follows: 

P « = Pi , = 80; p, = » 3; 

pc “ PbVb = 80 X 0.6 -i- 1. 1 => 43.6; 

Pa *= Pml^m V,, =» 3 X 0.6 -I- O.3 = 4 ; 

P , = Pd iv, 4 - I’m 4 - V,.) -l- (v, -P Vt -p v,.) = Pa (l.I + 0.3 4 - 0,5) 

(0.6 -p 1.8 -p 0.5) =. 0.655 P ' t \ 

P / “• Pc (% 4- Vr) -h (V/ -p V,} = p , (0.6 4- 0.5) + (o.a 4 - 0.5) 
= I '57 Pc = 1-57 X o -<>55 P-i ”■ i-03 P<ii 
Pd ““ { Pe^c 4" Pn'^n "b jfti’I’r) (I’c 4* I’m 'b I’r) 

==■ (80 X 0.6 -p 4 X 0.3 4 - 0,5 Pf ) + (0.6 4 - 0.3 -p 0.5) 

= 25.89 4- 0.26 pf \ 

pd “ 25.89 4 - 0.26 X 1.03 Pa; Pa = 35.36; 

= 0.65s pd =• 0.65s X 35.36 =■ 23.25 
P / “ I 03 p , - 1.03 X 35.36 « 36.5; 

Po “ PF ’/ I’, = 36.5 X 0.2 + O.I «■ 73; 

pt = /’(!'< - i - Vt >= 23.2 X 1.8 -h 3.3 ea 12.6, 
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As the pressures c^nd volumes are now known the diagrams 
of Fig. 42 may be drawn to scale. Or, if preferred, diagrams 
like Fig, 39 may be drawn, making them of the same length and 
using convenient vertical scales of pressure. If the engine runs 
slowly and has abundant valves and passages the diagrams 
thus obtained wWl be very nearly like those taken from the engine 
by indicators. Jf losses of pressure in valves and passages arc 
allowed for, a closer approximation can be made. 

The mean ciTcctivc pressures of the diagrams may be readily 
obtained by the aid of a planimcter, and may be used for esti- 
mating the power of the engine. For this purpose we should 
either use the modified diagrams allowing for losses of pressure, 
or we should affect the mean effective j)rcssurcs by a multiplier 
obtained by comparison of the approximate with the actual dia- 
grams from engines of the same type. For a slow-spccci pump- 
ing-engine the multiplier may be as large as 0.9 or even more; 
for high-speed engines it may be as small as 0.6. 

The mean effective ])rcssures of (he diagrams may be calcu- 
lated from the volumes and pressures if desired, assuming, of 
course, that the several expansion and compression curves are 
hypcrbolie. The process can be best explained by applying it 
to the example already considered. Begin by finding the mean 
pressure during the transfer of steam from the high-pressure 
cylinder to the low-pressure cylinder as represented by de and hi. 
The net effective work during the transfer is 


fpdv 


= Pr Vi log,^ = 144 Pa {Va + ^ 

= 144 X 35.4(1.1 +0.3 -fo.s) t t n ' e 

I.I -h 0.3 -h 0.5 

*= 4120 foot-pounds 


for each cubic foot of displacement of the high-pressure piston. 
This corresponds with our previous assumption of unity for the 
displacement of that piston. The increase of volume is 

v^^-Vi+Vr- =0.6 +r. 8 +0.5- (i.i +0.3 -1-0.5) = 1; 




so lliiU llie mean pressure ciunng uiu hiiiimui m 


4120 + I X 144 = 28.6 « px 

pounds per square inch, which acls on bolh iho high- and the 
low-pressure pistons. 

The clTcctivc work for the small cylinder is obtained by add- 
ing the works under ab and he and subtracting the works under 
(!c, cf, and fg. So that 

M'// - i.M I />« (v - v.) + ptvt log, " - />. (Vrf - V.) 

- p. {V, I- V,) loR. - Mvloft. lij j 

= m jso (0.6 - 0.1) + 80X o.f)log. a8.6<i.T -0.6) 

- 23.2 (0.6 + o.s) log, X “"i *"«• 

““ 144 X 33. a6 47 ^() fooUi>ouiul8. 

This is the work for each cubic foot of the high-pressure piston 
displacement, and the mean clTcctivc pressure on the .small piston 
is evidently 33.26 pounds per square inch. 

In a like manner the work of the large piston is 

Vt/i \4-\ - V») f>(V,loe. ^ -V«) -pmVm 

- 1 28.6 (1.8 — 0.3) -I- 23.2 X 1.8 log, ^ 

- 2 (3.3 - 0.6) ~ 2 X 0.6 log. X 61.02 «• 8c>i6 fool-jmuiuU. 


Since the ratio of the piston displacements is 3, the work for 
each cubic foot of the low-pressure piston displacement is one-third 
of the work just calculated; and the mean cfTccllvc pressure on 
the large jiiston is 

61.92 •+• 3 20.64 

pounds per square inch. 

The proportions given in the example lead to a very uneven 
distribution of work; that of the large cylinder being nearly 
twice as much as is developed in the small cylinder. The dis- 
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tribulion can be improved by lengthening the cut-off of the 
large cylinder, or by changing the ijroporlions of the engine. 

As has already bccit pointed out, the works just calculated 
and the corresponding mean elTective pressures are in excess 
of those that will be actually developed, and must be affected 
by multipliers which may vary from 0.6 to 0.9, depending on 
the type and speed of the citgine. 

Cross-compound Engine, — A two-cylinder compound engine 
with pistons connected to cranks at right anglo.s with each other 
is frequently called a cross-comiiound engine. Unless a large 
receiver is placed between the cylinders the irrcssurc in the space 
between the cylinders will vary widely. 

Two eases arise in the discussion of (his engine according as 



he cut-olT of the large cylinder is earlier or later than half-stroke; 
n the latter case there is a species of double admission to the 
ow-prcsstirc cylinder, as Is shown In Kig. ,13. For sake of 
implicity the release, and also the admission for each cylinder, 
s assumed to be at the end of the stroke. If the release is early 
he double admission occurs before half-stroke. 

The admission and expansion of steam for the high-pressure 
ylindcr arc represented by ab and be. At c release occurs, 
lotting the small cylinder in communication with the intcr- 
nccliatc receiver, which is then open to the huge cylinder. There 
5 a drop at cd and a corresponding rise of pressure nm on the 
urge piston, which is (hen at Imif-strokc; it will be assumed 
httt the pressures at d and at k arc identical. From d to e the 





steam is transferred from the small to the large cylinder, and 
the pressure falls because the volume increases; no is the corre- 
sjjonding line on the low-pressure diagram. The ciU-o/T at o 
for the large cylinder interrupts this transfer, and steam is then 
com|)resscd by the small piston into the intermediate receiver 
with a rise of pressure as represented by rf. The admission to 
the large cylinder, ik, occurs when the small piston is at the 
middle of its stroke, and causes a drop, fg, in the small cylinder. 
From g to li steam is transferred through the receiver from the 
small to the large cylinder. The pressure rises at first because 
tlie small piston moves rapidly while llie large one moves slowly 
until its crank gels away from the dead-point; afterwards the 
pressure falls. The line kl represents this action on the low- 
pressure diagram. At /; compression occurs for the small 
cylinder, and hi shows the rise of i)rc.ssure due to compression. 
For the large cylinder the line hn rei>rcsenl8 the supply of steam 
from the receiver, with falling prcs.surc which lasts till the double 
admission at mn occurs. 

The expansion, release, exhaust, and compression in the large 
cylinder are not affcclccl by compounding. 

Strictly, the two parts of the diagram for the low-pressure 
cylinder, mnopq and slklm, belong to opposite ends of the cylin- 
der, one belonging to the head end and one to the crank end. 
With harmonic motion the diagrams from the two ends arc 
identical, and no confusion need arise from our neglect to deter- 
mine which end of lire large cylinder we arc dealing with at any 
time. Such an analysis for the two ends of the cylinder, taking 
account of the irregularity due to the action of the connecting- 
rod, would lead to a complexity that would be unprofitable. 

A ready way of finding corresponding positions of two pistons 
connected to cranks at right angles with each other is by aid 
of the diagram of Fig. 44. Let 0 be the centre of the ernnk- 
siiafi and ■pIi^R:tq be the path of the crank-pin. When one piston 
has the displacement py and its crank is at OR^, the other crank 
may be 90° ahead at and the corresponding piston displace- 
ment will be px. The same construction may be used if the 
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crank is 90" bcliiml or it ihc MUglu RyOli^ 
angle. The actual ])islon jiosilion and 
affcciccl by the ir/cgularily due to the 
connecting-rod will differ from those found 
by tins method, but the jxisilions found 
by such a diagram will represent the aver- 
age positions very nearly. 

The several pressures may be found as 
follows: 


is other than a right 
crank angle.s when 



= p„ « Initial j>res,sure; 
back-preH.sure; 

/"( = '*• Vf] 

P( ^Vi 

/>rf ■= /»« “ l/w -b Ttr){ >• fiv I • ’v); 

A p,i (IV v„, I- i.v) ( 7 V 1 i'„ I r, i; 

P/ = pa '!• V/0 (’> ’)• I’r); 

A “ pi’^lp/ {V/ -I- iv) T P,v,\ -s (V/ I V, I iv>; 

ph “ pi Pv {V/ -b 1', b 7V) »• (n I V, \ 1',); 

pi (1^1 -I- iv) -4- {v„, b t'r); 

'Pi ■« phVi, -v- V/-, 

Pr “> PaV„ -4- V,,. 


The pressures A ‘lud p„ can be found dlrei lly from the initial 
pressure and the back-pressure, and finally (he laM two ruun 
tioas give direct calculations for A and p,. «» waut »s A «»'• A 
arc found. There romain six cfiualions tcMUaiiiirtg six iinkmiwn 
quantities, which can be readily solved iifier niuntTkal vulurs 
arc assigned to llic known |>re.s8iire.s and to all llie volumen. 

The expansion and comprcs.sion lines, be ami hi, lor the high 
pressure diagrams arc bypcrlmbc referrerl lo the axes f)|' and 
OP; and in like manner the expansion and etunpressjof} lior^» (tp 
and si, for the low-pressure diagram, are liyperbolje refermi i«i 
O'V and O'P’. Tlic curve cfh an hyperljola referrwl m O' V uiul 
O'P'i and the curve Im is an hyperbola referred to tM" and 
OP. The transfer lines ilc and no, gh and kl, are imt b> j«'r 
bol®. They may be ifloiled point by point by fimliiig l orrc- 





sponding intermediate piston positions, px tmd by aUi of Fig. 
44, and then calculating the pressure for these positions by the 
equation 

Px’= Pv^ P.t (v,i -t- v,„ -P Vv) + (V, -I- Vy + Vr). 

The work and mean cfTcclivc pressure may be calculated in a 
manner similar to that given for the direct-expansion engine; 
but the calculation is tedious, and involves two transfers, de and 
fw, and git and kl. The first involves only an expansion, and 
presents no special dilTiculty; the second consists of a compres- 
sion and nn expansion, which can be dealt with most conveniently 
by a graphical construction. All things considered, it is belter 
to plot the diagrams to scale and determine the areas and mean 
effective pressures by aid of a planimcter. 

If the cut-off of the low-pressure is earlier than half-stroke so 
as to precede the release of the high-pressure cylinder the transfer 
represented by de and no, Fig, 43, does not occur. Instead there 
is a compression from d to / and an expansion from I to m. The 
number of unknown quantities and the number of cqualions arc 
reduced. On the other hand, a release before the end of the 
stroke of the high-|)rcssurc piston requires an additional unknown 
quantity and one more equation. 

Triple Engines. — The diagrams from triple and other mul- 
tiple-expansion engines arc likely to show much irregularity, the 
form dependirig on the number and arrange- 
ment of the cylinders and the sequence of the 
cranks. A common arrangement for a triple 
engine is to have three pistons acting on 
cranks set equidistant around the circle, as 
shown by Fig. 45, Two eases arise depending 
on the sequence of the cranks, which may be 
in the order, from one end of the engine, of 
high-pressure, low-pressure, and intermediate, as shown by Fig. 
•45; or in the order of high- pressure, intermediate, and low- 
pressure. 

With the cranks in the order, high-pressure, low-pressure, and 
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intermediate, as shown by I'-ig* 4 Si tJtc dittgrama arc like tliosc 
given by Fig. 46. The admission and expansion for the high- 
pressure cylinder arc rciJrcsentcrl by 06c. When the high- 
pressure piston is at release, its crunk is at IT, Fig. 45, and the 
intermediate crank is at /, so that the intermediate piston is 
near halt-stroke. If the ciit-olT for that cylinder is later than 




half-stroke, it is in communication with the first receiver when 
its crank is at /, and steam may pass through the first receiver 
from the high-pressure to the intermediate cylinder, and there is 
a drop cd, and a corresponding rise of pressure no in the inter- 
mediate cylinder, The transfer continues till cut-off for tho 


P 



liosilicni (•■ for ihc high-pressure cylinder. From the position e 
the high-pressure j)iston moves to the end of the stroke at f, 
causing an e,\))!in.s5on, and then starts to return, causing the 
compression fg. When the liigh-prcssurc piston is at g the 
inlcrmcHliatc cylinder lakes steam at the otiicr end, causing the 
drop gh and tlic rise of pressure xl. Then follows a transfer of 
steam from tite high-pressure to the intermccUalc cylinder repre- 
.sented by hi and Im. At i the high-pressure compression ik 
begins, and is carried .so far as to produce a loop at k. After 
compres.sion for the high-prcs,sure cylinder shuts it from the 
first receiver, the steam in that receiver and in the inlcrmcdiale 
cylinder expands as shown by jmm. The expansion in the inter- 
mediate cylinder is represented Iry pq and the release by yr, 
corresponding to a rise of pressure a/? in the low-pressure cylin- 
der. rs and /Jo* represent a transfer of steam from the inter- 
mediate cylinder to the low-pressure cylinder. Tlic remainder 
of the back-])rcs8ure line of tlic inlermctlialc cylinder and the 
uiipcr ])art of the low-pressure diagram for Ihc low-pressure 
cylinder correspond to the .same jiarts of the high-pressure and 
the iiUermcclialc cylinders, so that n statement of the actions in 
detail docs not ajtpcar necessary. 

The equations for calculating the pressure arc numerous, but 
they arc not difTicult to stale, and the solution for a given exam- 
ple presents no special dlflTtcuUy. Thus we have 

/I, »« In Inlilnl pressure; V/, — vol. first receiver; 

p, •» /»»v» -t-v, ; V;j“* vot. scond receiver; 

I. p* «. //, i + /r. (V. Vp) j 4- (vj -!• V. I- V, ); 

/m(v,i -I-v# H*v/>) (v» -I- Vp -I- 

P/ •" /'» (V« + vp) 4- (tV-l- Vp)', 

/'* “ /'/(v/+ Vp) 4- (v, -I- Vp); 

//. pH pi •-» f pf (Vp -l-Vp) -1- /'<Va{ 4- (v* -I- Vi -I- Vp)j 
pi pm p\ (v* Vj -I- Vp) 4- (V( -I-Vh-I' Vp)j 

/'» »• ^iVi 4- v» ; 

Pp pm (v»» + Vp) 4- (v« •)• vp); 

A ~ PfVi ->• V, ; 
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HI. p, \P,V, + V. (V. + Vjj)j + (v, +v. 

py^pr (Vr + VtVn) ^ (llj + Vy + •««)! 


P> 

p. 


' Pt Cv, + Vfi) 

‘ pi (tfi + VJl) -f- 


(v, + u„); 

(v» + vjg): 


/V. p, •= ! >>• (v» + »< ;j) 4- plfVi, j -i- ('J, + + Vjj); 

/>„=. p, (v, + V, + Vff) + (v» + I'. + Vj(); 

Pm = *7- Vm) 

pm ^ (V, + Vj^ -J- (tI, + V;j)i 

pi «= PyVy -T 17^; 

Pt brick-prcssurej 

Pn ^ 


The pressures at c and at v can be calculated immediately 
■rom the initial pressure and from the back -pressure. Then it 
m\l be recognized that there arc four individual equations for 
finding Pjt, pf, and ps. 'Ihc fourteen remaining equations, 
solved as simultaneous equations, give the corresponding four- 
teen required pressures, some of which are used in calculating 
the four pressures which arc determined by the four individual 
equations. The most ready solution may be made by contin- 
uous substitution in the four equations which are numbered at the 
left hand. Thus for in equation II, we may substitute, 

^ +V^ V, + t/p + Vf^ Vg +Vf, 


In the actual compulation the several volumes and the proper 
sums of volumes arc to be first determined; consequently the 
factors following pa will be numerical factors which may be con- 
veniently reduced to the lowest terms before introduction in the 
equation. This system of substitution will give almost immedi- 
ately four equations with four unknown quantities which may 
readily be solved; after which the determination of individual 
pressures will be easy. In handling these equations the letters 
representing smaller pressures should be eliminated first, thus 
giving values of higher pressure like p^ to tenths of a pound; 
afterward the lower pressure can be determined to a like degree 



01 accuracy. A skilled computer may make a complete solu- 
tion of such a problem in two or three hours, which is not exces- 
sive for an engineering method. 

If the cut-olT for the intermediate cylinder occurs before the 
release of the high-pressure cylinder, lltcn the transfer represented 
by dc and op docs not occur. In like manner, if the cut-off for 
the low-pressure cylinder occurs before the release for the inter- 
mediate cylinder, the transfer represented by rs and jSy does 
not occur. The omission of a transfer of course simplifies the 
work of deducing and of solving equations. 

In much the same way, equations may be deduced for cnl- 
culating pressures when the cranks have the seciucncc high- 
pressure, intermediate, and low-pressure. The diagrams take 
forms which arc distinctly unlike those for the other .sequence of 
cranks. In general, the case solved, i.c., high-iiressure, low- 
pressure, and intcrmedinlo, gives a smoother action for the 
engine. 

example, the engines of tlie U. S. S. MachUts have the 
following dimensions and proportions: 


Blfimuicr of pisloui Inches 


Cloftnmco, por cent * 
Cut-ofT, por coni stroke 


Raiio of piston dlsplncomcius 


Volume first receiver, cubic feet 

Volume second rccolvor, cubic feel 

Rallo of rocclvor volumes to high-pressure piston dig. 


Stroke, inches 

Rollor-proasuro, absolute, pounds per nq. In. 
Pressure In condenser, pounds per sq. In, . 


Hlgli- 

finer. 

bOw* 

proMiim. 

medlMe, 

preeiiire. 

isl 


35 

g.71 

S*S 3 



M 

7 

66 

66 

66 


03 

03 

t8 

18 

tS 

t 

9 . 0-1 

4.94 


9.29 



6 u 96 



*4 

9, .31 


If the volume of the high-pressure piston displacement is 
taken to be unity, then the volumes required in the equations for 




• r • 
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calculating pressures, 
prcssxwc, low-pressure, 

Vi, «*• 0.79 

1 ,06 

1 ilO 

V/ *» 1.^3 
Vg ^ ^ o»88 

xfi «t 0,31 

V* " v« -=» 0.13 


when Ihc cranks have ihc order high- 
and Inlcnucdintc, arc as foUtwa: 


•y. ^ 0*39 

Vff ^ 

^ tr^ 

1 

0.35 

Vm ' 

pKa 0*98 


e«a 

3.03 

a,72 


V0 ^ 

i.a 6 

Va ^ 



im t *63 


l/y e®a 

3.60 

4.94 

r 

im 

a. 18 


V, ^ 

V, 

3 «^j 8 



1.33 


V, 

^ 2.33 

1.85 





»«9 Vu ^ 





wa 0.63 






Pa^ Pb’^ ISO 

pc = 112 

Pd^ Po’^ 76-5 
pe = pp^ 67-5 
pf = 67.S 

= 76.9 

pb^ P,= 73-5 
pi ^ Pm 69.3 


/»* = 165 

p „ = 60.0 

Pd = 50.5 

Pr = Pp ^^ 28.3 

A = = 25-3 

Pi = 25.1 
A = 29.0 
Pv = pp = 28.2 


Pa = Pi =" 
Pz =• 52.3 
A “ 22.1 
A “ i«-5 
p. - Pi = 
A “ 17-6 


Diagrams with the volumes and pressures corresponding to 
this example are plotted in Fig. 46 with convenient vertical 
scales. Actual indicator-diagrams taken from the engine arc 
given by Fig. 47. The events of the stroke come at slightly 
different piston positions on account of the irregularity due to 
the connecting-rod, and the drops and other fluctuation.? of 
pressure are gradual instead of sudden; moreover, there is con- 
siderable loss of pressure from the Ixrilcr to the engine, from one 
cylinder to another, and from the low-pressure cylinder to the 
condenser. Nevertheless the general forms of the diagrams arc 
easily recognized, and all apparent erratic variations arc 
accounted for. 

Designing Compound Engines. — The designer of compound 
and multiple- expansion engines should have at hand a well- 
systematized fund of information concerning the sizes, pro- 
portions, and powers of such engines, together with actual 
indicator-diagrams. He may then, by a more or less direct 
method of interpolation or exterpolation, assign the dimensions 
and proportions to a new design, and can, if deemed advisable, 
draw or determine a set of probable indicator-diagrams for the 
new engines. If the new design differs much from the engines 
for which he has information, he may determine approximate 
diagrams both for an actual engine from which indicator-dia- 
grams arc at hand, and for the new design. He may then 
sketch diagrams for the new engine, using the approximate 
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diagrams as a basis anti Inking a comparison of Ihc .approximate 
and actual cliagratus fnjm the engine already built, ns a guide. 
It is convenient to prepare and use a table .showing the ratios o( 
actual mean effective pre.ssures and approximate mean edectivc 
pressures. Such a table enables the tlesigner to assign mean 
cfTcctivc prcs.siire.s It) a cylinder of the new engine and to infer 
very closely what il.s l)<)r.st’ -power will l)e. It is al.so very tmcftil 
as a check in sketching probable diagrams for a new engine, 
which diagrams are not only useful in estimating tlie i)ower of the 
new engine, but in calculating stresses on the members of that 
engine. 

A rough approximation of Ihc })ower of an engine may be 
made by calculating the power /i.s thougli the total or etpiivalcnt 
expansion took place in the |ow-i)ressure cylinder, negiecling 
clearance and compression. The power tluuH found is to be 
ailcclcd by a factor which according to the size and type of the 
engine may vary from 0.6 to o.g for comj)t)und engines and from 
0.5 to 0.8 for triple enginevs, Scaion and KovnUhwailc * give the 
following tabic of mijlti()llcr8 for compounrl marine engines; 

MUI.TIPUKRS FOR. FINDINC*. PROIIARI.K M.K.P. COMPOUND 
AND TRII'f.K MARINK F.NOrNKS. 


of Kniiina. 


jAcVoiad. 


UnjnokoUtL 


Kecclvor-com|>oi»ul, 

Rccfllvor-compouiul, pruldlo^onginc^ 

Direct cxnunBion 

Throc-cyftndcr irlpio, mercltanl aliiji** 

Tlirec-cyllijdcr Irij))©, nftviil voasels 

Thrcc-cylliulcr triple, gunlwAiu And torppdu-lKPitlH 


0.^7 io 


0,64 to 0.68 

0.55 


0.58 to Q. 6 H 
0.55 to 0.65 
0.71 to 0.7s 
0.60 to 0.60 


0.60 to 0.67 


For example, let the )»oilcr*prmiirc be 80 (>ounds by the gauge, 
or 94.7 pounds absolute; let the hack-pressure be 4 pounds 
absolute; and let the total number of expansions be six, so that 
the volume of steam cxluvuslcd to the condenser is six limes the 
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volume fvclmiltccl from the boiler. Ncgicclinfi the effect of clear- 
ance and com))rc.ssion, the mean elTcclIvc pressure is 

<> 1-7 X i •!• (M.7 X i log, t X I 40.06 » M.E.P. 

n the large cylinder Is 30 inches in diameter, and the stroke 
is 4 feel, the horse-power at 60 revokiliona per minute is 

TT 30 * 

- A X .jo.oC) X 2 X *1 X 60 33000 412 H.P, 


If tile factor to be used in (his ease is 0.75, then the actual 
horse-power will be about 

0.75 X 400 300 H.P. 

Binary Engines. — • Another form of compound engines using 
two fluids like steam and ether, was proposed by du Trembly* in 
1850, to extend the lower range of temperature of vapor-engines. 
At that time the common steam-pressure was not far from thirty 
pounds by the gauge, corresponding to a temperature of 250® F. 
If (lie back-pressure of the engine be assumed to be 1.5 pounds 
absolute (xis^F.), the eiTicicncy for Cafnot’s cycle would be 
approximately 

3SO -“III? 

— ; — 7** ■« o.io. 

350 -I- 460 

If, however, by the use of a more volatile fluid the result at 
lower temperature could be reduced to 65® F., the eiTicicncy 
could be increased to 

3 to - 6 < 


rj 

250 + 460 

At the present time when higher steam-pressures arc common, 
the comparison js less favorable. Thus the temperature of 
steam at 150 pounds by the gauge is 365® F., so that with r.g 

<iu CoftducUttr des ^f(lchi^w 4 Vaporous comhhUos au Machims 
Bhiaires, aUo Bankino SUnm Euginot P* 44*|. 
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pounds absolule (or 115° I'O for the l)ack-prc88urc ihc cnkinKy 
for Carnot’s cycle is 


36 S..--J. 1.1 = 
36s *|f)o 


0.30, 


and for a resultant temperature of 65® 1*'., Iltc eflicicncy would be 
36s -I- .fdo 


If a like gain of economy could be oblained in )iriutiir, it 
would represent a saving of 17 per cent, wbkh would be well 
worth while. Further cliHcussion of this mailer of ecotminy will 
be given in Chapter Xf, in conneclion with experimentn on 
binary engines using sleum and .sulpljur-dioxide. 

The practical arrangement of a binary engine aubsli(ule-) hir 
the condenser an appliance having somewhat ihe »ume form a?* 
a tubular surfacc-condcnacr, the Blenm being rondenaed on ihe 
outside of the lubc.s and withdrawn in tfio form of water of ion 
densation at the bottom. Through the lubes is formi ibe 
more volatile fluid, which is va[)ori}'.cd much ns it would be In a 
“water-lube” boiler. The vapor is then used In n cylinder 
differing in no essential front that for a steam-engine, and In (urn 
is condensed in a surface-condenser which Is roolerl with water 
at the lowest possible lempcralurc. 

An ideal arrangement for a binary engine avoiding the use of 
air-pumps would appear to be the combination of a (iimiKumtl 
non-condensing steam-engine with a third cylhuler on the binary 
system which should have for its working sulisiance a fluid llmi 
would give a convenient pressure at aia®F., and a pressure 
somewhat above the almosplicrc at 60" F. There is no known 
fluid tlmt gives both these conditions; thus ether at at a® F. glvci 
a pressure of about 96 ])ound8 aijsoiutc, but its lH>iling {Kilnt at 
atmospheric pressure is 9.1® F., conBcqucnlly K would from 
necessity require a vacuum and an alr-fiump iinleiw the eilier 
could be entirely freed from air, and leakage Into the viuuum 
space entirely prevented. Siilphur-dioxldc gives a prcHHiire of .ji 


pounus UUSUIUIU at uu^ X’., inat jl uu wuiJV.tu m it 

pressure above Ihc atmosphere; but 212° F. would give an incon- 
venient pressure, ami in practice it lias been found convenient 
to run tlic steam-engine with a vacuum of 32 inches of mercury 
or about 4 [lounds absolute, which gives a temperature of 135“ F., 
at which sulphur-dioxide has a pressure of 180 pounds per square 
inch by the gauge. 

The attempt of dii Trembly to use ether for the second fluid 
in a binary engine did not result favorably, as his fuel-con- 
sumption was not less than that of good engines of that lime, 
which appears to indicate that he could not secure favorable 
conditions. 
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TUE principal object ol Ii'hIh of slcam-cngiiics is to determine 
the cost of power. Scries of engine tests arc made to 
determine the c/Tccl of certain conditions, such ns superJicnting 
and sloam-jnckcts, on the economy of the engine. Again, tests 
may be made to inveslignle the Intcrclinnges of heat between the 
steam and the walls of the cylinder hy the aid of llirn’s analy.Hm, 
and thus find how certain condllioUK produce effects that arc 
favorable or unfavorable to economy. 

The two main elements of an engine lest are, then, the niea.s- 
uremenl of the |)Ower developed nnd the flelermination of the 
cost of the power in terms of Ihermiil nnils, priunds of steam, or 
pounds of coal. Power is most commonly ntcasured by aid of 
the .steam-engine indicator, but the power delivered by the 
engine is sometimes determined by a dynamometer or a friction 
brake; somclimcs, when an indieulor cannot be used conven- 
iently, the dynamic or brake power <mly is determined. When 
the engine drives a dynamo-electric generator the power ai>plicd 
to the generator may be determined eleciricully, and thus the 
power delivered by the engine may lie known. 

When the co.sl of power is given in terms of coal jier horse- 
power per liour, it is snlTictenl to weigh the coal for a dermilc 
period of time. In such case a combined boiler and engine test 
is made, and all the methods and prccaiiliona for a careful boiler 
test must be observed. 'I’lte lime required for such a test 
depends on the depth of the fire on the grate and the rate of 
combustion. For factory Imilers the test sitouid be twenty-four 
hours long if exact resulls are desired. 

When the cost of power Is slated in terms of .steam per horse- 
power ])cr hour, one of two meihods may be followed, When 
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tlic engine hfts a surlacc-condcnscr tlic steam <; 
engine is condensed, collected, and weigli^ 
nsimlly sufl'iclcnt lor tests under favorable q 
intervals, ten or fifteen niiniilcs, give fairly 
The chief objection to this method is that the 
to leak water at the tube jiackings. Under fa 
the results of tests by this method and by deti 
water supplied to tlic boiler are sidistantially t] 
on non-condensing and on jet-condensing ei 
consumption is determined by weighing or mi 
water supplied to the boiler or boilers that fuj 
engine. Steam used for any oilier purpose 
engine, for example, for jnimping, heating, or 
nations of the quality of the steam, must b« 
allowed for.’ The most satisfactory way is 
weigh such steam; but small (pinnlitics, a.s 
quality by a steam calorimeter, may be gaugec 
flow llu’ougli an orifice. Tests wliicli depend 
feed-water sliould be long enough to minimizt 
uncertainly of the amount of water in a boiler 
an apparent hciglit of water in a water-gauge: 
height of the water-level depends largely on tlu 
lion and the acUvity of convection currents. 

When the cost of power is expressed in tl 
necessary to measure tlic steam-pressure, the ai 
in the steam supplied to the cylinder, and the t 
condensed steam when it loaves the condenser, 
in jackets or rehcaters it must be accounto 
But it is customary in all engine tests to ta 
temperatures, so that the cost may usually 
thermal units, oven when the experimenter is c 
in pounds of steam. 

For a ITirn’s analysis it is necessary to weig 
condensing water, and to determine the tempo 
sion to and exit from the condenser. 

Important engines, with their boilers and oth< 
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are commonly built under contract to give a certain economy, 
and the fulfilment of the terms of a contract is determined by a 
test of the engine or of the whole plant. The test of the entire 
plant lias the advantage that it gives, as one result, the cost of 
power directly in coal ; but as the engine is often watched with more 
care during a test than in regular service, and as auxiliary duties, 
such as heating and banking fires, arc frequently omitted from 
such an economy test, the actual cost of power can be more 
justly obtained from a record of the engine in regular service, 
extending for weeks or months. The tests of engine and boilers, 
though made at the same lime, need not start and stop at the 
same time, though there is a satisfaction in making them 
strictly simultaneous* This requires that the tests shall be long 
enough to avoid drawing the fires at beginning and end of the 
boiler test* 

* In anticipation of a test on an engine it must be run for some 
time under the conditions of the test, to eliminate the effects of 
starting or of changes. Thus engines with steam-jackets arc 
commonly started with steam in the jackets, even if they arc to 
run with .steam excluded from the jackets. An hour or more 
must then be allowed before the effect of using steam in the 
jackets will entirely pass away. An engine without steam- 
jackets, or with steam in the jackets, may come to constant 
conditions in a fraction of that time, but it is usually well to 
allow at least an hour before starting the test* 

It is of the first importance that all the conditions of a test 
shall remain constant throughout the test. Changes of steam- 
pressure arc particularly bad, for when the steam-pressure rises 
the temperature of the engine and all parts affected by the steam 
must be increased, and the heat required for this purpose is 
charged against the performance of the engine; if the steam- 
pressure falls a contrary effect will be felt. In a scries of tests 
one element at a time should be changed, so that the effect of 
that element may not be confused by other changes, even though 
such changes have a relatively small effect. It is, however, of 
more importance that steam-pressure should remain constant 


than lhat all lcs(s al a given prcHsiire should have iclcnlically ihc 
same slcam-iuTssiire, ))eniU8e ihe Colal heal of steam varies more 
slowly than the temperature. 

All the instruments and apparatus used for an engine test 
.should he tc.steil and standardized either just before or just 
after the lest; preferably before, to avoid annoyance when any 
Instrument fails during the tc.st and is rei>laecd by another. 

Thermometers. — Tcmperalures arc commonly measured by 
aid of mercurial Ibermomelers, of which three grades may be 
distinguished. Kor work resenrbling that done by the physicist 
the highest grade should be used, and these must ordinarily be 
calibrated, and have their boiling- and freezing-points deter- 
mined by the experimenter or some rjuulilied iieraon; since the 
freezing-point is liable to change, it should be redetermined when 
necessary. Kor important data good thermometers must be used, 
such as are sold by reliable dealers, but it is preferable that they 
should he ralihraled or else compared with a Ihcrmomctcr that 
is known to he reliable. Kor secondary data or for those requir- 
ing little accuracy common ihermomeler.s with the graduation 
on the stem may be used, hut these aLso should have their errors 
determined and allowed for. Thermometers with detachable 
scales should be used only for crude work. 

Gauges. — Pressures arc commonly measured by Bourdon 
gauges, and If recently compared with a correct mercury column 
these arc sufriclcnt for engineering work. The columns used 
by gauge-makers arc sometimes subject to minor errors, and arc 
not usually corrected for temperature. It is important that 
sucli guugcs should be frequently retested. 

Bynamometors. — The standard for measurement of power 
is the friction-brake. For smooth continuous running It is 
essential that the brake and its band shall be cooled by a stream 
of water that docs not come In contact with the rubbing sur- 
faces. Sometimes the wheel Is cooled by a stream of water cir- 
culating through it, .sometimes lltc band is so cooled, or both may 
be. A rubbing surface which is not cooled should be of non- 
conducting material. If both rubbing surfaces arc metallic they 
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DUst be freely hil)ri(;ale(l wiiU oil. An iron wheel running in a 
wnd furnisliecl with blotks of wood requires liule or no lubri- 
:alion. 

To avoid the increase of friction on lire brake-ljcarinRs due 
0 the load a])j)lied at a single hriike-arm, two ctjunl nrm.s mny 
)C used will) two ef|Ual anrl opixcsite /orce.s a(>i»lied at the ends 

0 form a statical couple. 

With care and good workiuanshi)i a friction-brake may be 
nadc an inslniincnt of preeisioji .sufTK ienl for physical inve.sti- 
;alions, but willi ordinary care and workmanship it will give 
csulls of sufTicicnl accuracy for engineering work. 

An engine which drives an electric generator may readily Imvc 
he cl)'namic or brake-power determined from the electric out- 
ml, provided that tiie etTiciency of the generator is properly 
Iclcrmincd. 

The only power that ctin ))e jnea.surcd for a .sleam-iurbiac is 
he dynamic or brake-power; when connected with an eleclric- 
encrator this involve.s no diflkulty. For marine propulsion 4 
; cuslomary to determine llie power of »lea)>j-lurbine.s by some 
)rm of torsion-metre applied to the shaft that coiinec:ts the 
.irbinc lo the i)ropcller. This instrument measures the angle 
f torsion of the shaft while running, and con.HefpieDlly, if the 
lodiilus of elasticity )i«a been determined, gives a positive 
elermination of the iKuver (lelivere<l to the propeller. Under 
ivorablc conditions a torsion-metre may liuve an error of Jioi 
lore than one per cettt. 

Indicators. — 7'he most imporlnnl anti at lite some time tlic 
ast satisfactory instrument used In engiiH>le.sting is the indi- 
ilor. Even wlicn well mndo and In gotxl cojidiiion it is liable 
) have an error which may aniciuiu lo two per cent when used 

1 moderate speeds. At higii spectls, Uiree hundred revolutions 
cr minute and over, it is likely lo have two or three limes n.s 
inch error. As a rule, nn indicator cannot be used at more 
lan four hundred icvoIulionH per minute. 

The mechanism for reducing the motion of the cros.shead of 
1 C engine and transferring 4 (o iltc paper drum tif an indicator 
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<■ uiuiui; looseness. It 
should requii'o only a very shorl eoixl letuUnjf to the paper drum 
heenuse nil llie errons due lo the paper drum are proportional to 
(he lenglii of lire cord hikI may be practically eliminated by 
miikinR the cord shorl. 

'I'lic weighing and recording of lire aloam-prcs.surc by the indi- 
cator-piston, pencil-motion, and pencil arc: affected by errors 
which may be classified as follow.s : 

t. Scale of the spring. 

a. Design of the pencil-motion. 

.V Inertia of moving parts. 

<|. Friction and backlash. 

Good Indicator-springs, when tested by direct load.s out of 
the indicator, usually have correct and uniform scales; that is, 
they collap.se under prc.s8ure the pro|)er amount for each load 
applied. When enclosed in the cylinder of an indicator the 
spring is healed by conduction and radiation lo the temperature 
of the cylinder, and that temperature is scnsii)ly equal to the 
mean lcm[)eraiurc in the engine-cylinder, llul a sjrring is appre- 
ciably weaker at high lem|)cralurcs, so that when thus enclosed 
in the indicator-cylinder, it gives rc.sull8 that arc loo large; the 
error may be two per cent or more. 

Outside spring-indicators avoid this difTicuIty and are lo be 
preferred for all important work. They have only one disad- 
vantage, In that the moving parts arc heavier, but this may be 
overcome by Increasing the area of the piston from halt a square 
Inch to one square inch. 

The motion of the piston of the indicator is multiplied five 
or six times by the pcncil-moUon, which Is usually an approx- 
imate parallel motion. Within the proper range of motion 
(about two inches) the pencil draws a line wliich Is nearly 
straight when the paper drum Is at rest, and it gives a nearly 
uniform scale provided that the spring is uniform. The errors 
due lo the geometric design of this part of the indicator aro 
always small. 
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When steam is suddenly let into the indicator, as at admission 
to the engine-cylinder, the indicator-jnston and attached parts 
forming the pencil-motion arc set into vibration, with a natural 
time of vibration depending on the stiffness of the spring, A 
weak spring used for indicating a high-speed engine may throw 
the diagram into confusion, because the pencil will give a few 
deep undulations which make it impossible to recognise the 
events of the stroke of the engine, such as cul-ofT and release, 
A stiffer spring will give more rapid and less extensive undu- 
lations, whicli Will be much less troublesome. As a rule, when 
the undulations do not confuse the diagram the area of the dia- 
gram is but little affected by the undulations due to the inertia 
of the piston and pencil-motion. 

The most troublesome errors of the indicator arc due 
to friction and backlash. The various joints at the piston 
and in the pencil-motion are made as tight a.s can be without 
undue friction, but there is always some looseness and some 
friction at those joints. There is also some friction of the piston 
in the cylinder and of the pencil on the paper. Errors from this 
source may be one or two per cent, and are liable be excessive 
unless the instrument is used with care and skill. A blunt 
pencil pressed up hard on the paper will reduce the area of the 
diagram five per cent or more; on the other hand, a medium 
pencil drawing a faint but legible line will affect the area very 
little. Any considerable friction of the piston of the indicator 
will destroy the value of the diagr.am. 

Errors of the scale of the spring can be readily determined and 
investigated by loading the spring with known weights, when 
properly supported, out of the indicator. This method is prob- 
ably sufficient for outside spring indicators. Those that have 
the spring inside the cylinder arc tested under steam pressure, 
measuring the pressure either by a gauge or a mercury column. 
Considerable care and skill arc required to get good results, 
especially to avoid excessive friction of the piston as it remains 
at rest or moves slowly in the cylinder. It must be borne in 
mind that the indicator cylinder heats readily when subjected to 


I 
8 

II 


liruKifaHivLiy ui{5ni.i .'iiwuu |ni.a.->urL}>, ijiii uuii pnns wilh heat 
slowly, and lluil consctiiiomly tcsls inadc wilh falling steam 
pressures iirc not valuable. ; 

Scales. — VVeiKhing should be done on scales adapted to the ^ 
load ; overloading leads to excessive friction at the knife-edges and 
to lack of delicacy. Good commercial [jiatfonn scales, when 
le.stecl wilh standard weights, arc suiricietu for engineering work. 

Coal aitd ashes arc readily weighed in barrows, for which the S 

tare Ls determined by weighing emirty. Water is weighed in I 

barrels or tanks. The water can usually be ynimpcd in or ^ 

allowed to run in under a head, .so that the barrel or lank can be I 

filled promptly. Large (luick-opening valves must be used to allow j 

the water to run out t|uickly. As the receptacle will seldom drain ; 

irroperly, it is not well to wail for it to drain, but to close the f 

exit-valve and weigh empty wilh whatever small amount of water 
may be caught in it. Neither is it well to try to fill the receptacle 
to a given weight, as the jet of water running in may affect the 
weighing. With large enough scales and tanks the largest 
amounts of water used for engine tests may be readily handled. 

Measuring Water. — When It is not convenient to weigh water 
directly, it may be measured in tanks or other receptacles of 
known volume. Commonly two arc used, so dial one may 
fill while the other is emptied. The volume of a receptacle may 
be calculated from its dimensions, or may bo determined by 
weighing in water enough to fill it. When desired a receptacle 
may be i>rovidccl with a scale showing the depth of the water, 
and so partial volumes can be determined. A closed rocep- 
Inclc may be used to measure hot water or other fluids. 

Water-Meters of good make may be used for measuring water 
when other methods arc not applicable, provided they arc tested 
and rated under the conditions for which they arc used, taking 
account of the amount and temperature of the water measured. 
Metres arc most convenient for testing marine engines because 
water cannot be weighed at sea on account of the motion of the 
ship, and arrangements for measuring water in tanks arc expen- 
sive and inconvenient. For such tests the metre may be placed 
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on a by-pass through which the feed-water from the surface- 
condenser can be made to pass by closirig a valve on the direct 
line of feed-pipe. If necessary the metre can be quickly shut 
off and the direct line can be opened^ The chief uncertainty in 
the use of a metre is due to air in the water; to avoid error from 
this source, the metre should be frequently vented to allow air 
to escape without being recorded by the metre. 

Weirs and Orifices. — So far as possible the use of weirs and 
orifices for water during engine tests should be avoided, for, in 
addition to the uncertainties unavoidably connected with such 
hydraulic measurements, difficulties arc liable to arise from the 
temperature of the water and from the oil in it. A very little oil 
is enough to sensibly affect the coefficient for a weir or orifice. 
The water flowing from the liot-wcll of a jet-condensing engine 
is so large in amount that it is usually deemed advisable to 
measure it on a weir; the effect of temperature and oil is less 
than when the same method is used for measuring condensed 
steam from a surfacc-condcnser. 

Printiing-Gauges. — When superheated steam 5 s supplied to an 
engine it is sufficient to take the temperature of the steam, in the 
steam-pipe near the engine. When moist steam is used the amount 
of moisture must be determined by a separated test. Origi- 
nally such tests were made by some form of calorimeter, and 
that name is now commonly attached to certain devices which 
arc not properly heat- measurers. Tlirec of these will be men- 
tioned: (i) the throttling-calorimeter, which can usually be applied 
to all engine tests; (2) the separating- calorimeter, which can be 
applied when the steam is wet; and (3) the Thomas electric calor- 
imeter, intended for use with steam-turbines to determine the 
moisture in steam at any stage of the turbine whatever may be 
the pressure or ciuality of the steam. 

Throttling-Calorimeter. — A simi)le form of calorimeter, 
devised by the author, is shown by Fig. 48, where id is a 
reservoir about 4 inches in diameter and about 12 inches long 
to which steam is admitted through a half-inch pipe 6, with a 
thrnltle-valvc near the reservoir. Steam flows away through an 
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e there la a deep cup for a thermometer to measure the temper- 
allirc. The holler-pressure may be taken 
# / j)l RfiURc on the main steam-pipe 

nt'“f il'c calorimeter. It should not be 
wM tH ^ which there is a 

dyU dtr I rapid flow of steam as in the pipe b, 
since the velocity of lire slcnin will alTcct 
A the gauge-reading, making it less than tho 

u real pressure. The reservoir is wrapped 

willt hair-fell and lagged with wood to 
reduce radiation of heat. 

jjr When a test is to he made, the valve on 

MJHI lire pipe d is o|)ened wide (this valve is 

n frequently omitted), and the valve nl b is 

O opened wide enough to give a pressure of 

IJ five to fifteen jrounds in tlic reservoir. 

<*• Readings arc then taken of lire boiler- 

gauge, of the gauge at /, and of the tbcrmomcler at e. It is well to 
wait about ten minulca after the instrument is aiaricd before taking 
rcarlings so that it may be well healed. Let the boiler-pressure 
be p, and let r and q be the latent heat and heat of the liquid 
corresponding. I.et p^ l)0 the pressure in the calorimeter, r^ the 
heat of vaporization, the heat of the liquid, and fj tire tempera- 
lure of saturated steam at that pressure, while /, la the ictnpcra- 
lurc of the superheated steam In the calorimeter. Then 

{Iff q. jf «. q. q- c,, (/, - /,) J 


Example. — The following arc the data of a lest made with 
this caiorimelcr: 

Pressure of the atmosphere .... 14.8 pounds; 

Steam- pressure by gauge .... 69.8 " 

Pressure In the calorimeter, gauge . la.o “ 

Temperature In the calorimeter . . a68°.a F. 





Specific heat of superheated steam for the condition of the 
-St 0.48. 

# = 94.1-8 + 212.7 -h o-4g (268.2 - 24.1.9) —^85^ o q88* 

892.3 ’ • 

Per cent of priming, 1.2. 

A little consideration shows that this type of calorimeter 
an Ijc used only when the priming is not excessive; otherwise 
he throttling will fail to superheat the stcam^ and in such ease 
lothing can be told about the condition of the steam either before 
>r after throttling. To find this limit for any pressure may be 
nade equal to in equation (152); that is, we may assume that 
he steam is just dry and saturated at that limit in the calorimeter* 
Ordinarily the lowest convenient pressure in the calorimeter is 
he pressure of the atmosphere, or 14.7 pounds to the square inch* 
The table following has been calculated for several pressures in 
-he manner indicated* It shows that the limit is higher for higher 
pressures, but that the calorimeter can be applied only where 
:he priming is moderate. 

When this calorimeter is used to test steam supplied to a 
condensing- engine the limit may be extended by connecting the 
exhaust to the condenser* For example, the limit at 100 pounds 
absolute, with 3 pounds absolute in the calorimeter, is 0*064 
instead of 0.040 with atmospheric pressure in the calorimeter* 

UMITS OF THF. THROTTI.ING-CALORtMETER. 


Pressure. 


Absokie. 


Cftuga. 


Priming. 







In ruse the iiiltirlnu-tiT is used lu-iir ils limit — tlmi is, when 
Iho sujii'rlu'ulinK is ii fi-w lU-gri'cs only — it is tsscnlml that the 
l!ii;rnionu'liT slwmltl In- liUirdy rrliuhle; otlunwisc it might 
hu|i]icit llml tile t hiTmomoliT slioiild show sui)crhc(Hing when 
lh(* slniin in llu* iitlorimotcr was .saluriilal or moist. In any 
oIIht ra.sr » fonsidrrnldi' frn»r in iho UTnj)t‘raliirc will produce 
an iiH'onsldfniidt' olTpcl on iho rosull. Thus at too pounds 
iilisoluii' willi iiimoKplKTic {UTsaurc in ilio ciilorimuicr, io®F. of 
sii|ifrh('alinK indiniU'S o.o.ts I'l'iniinK, and 15“ F. inclicalcs 0.032 
priming. So also a slight error in llu- guugc-ruuding has little 
L*fT«t. Smiposi* the reading to lie apparently 100.5 pounds 
alisolute instead of 100, then with 10“ of superheating the prim* 
ing appears to lie 0.033 iusU’mi <'f 0.033. 

tl has been found by experiment that no allowanec need he 
made for radinlion from ihl.s ca lor i meter if ntarlc a.s described, 
provided that aoo pounds of steam are run through it per hour. 
Now this (juantily will flow Ihrougli an orifice onu-fourlh of an 
incli in diameter under llte pre.sHurc of 70 ptiunils by the gauge, 
HO tital if llie llirotlle-valve lie replaietl liy siult an orifice the 
tpiestion of nidiatlon need not be cansidered. In sucli case a 
stoji-valve will lie placed on tlte pipe to sluil off llte ralorimelet 
when not in use; it is opened wide when a test is made. If an 
orifice is not provided the throttle-valve may lie ojicncd at first 
a small amouttt, and the temperature in the calorimeter noted; 
after a few minutes the valve may 1 )C opened a trifle more, where- 
upon llie icmpcrnUire may rise, if loo iillle slcain was used at 
first. If the valve la opened Hulo by iillle till the temperature 
slops rising, it will then be certain that enougii steam is used to 
reduce the error from racilalian to a very small amount. 

Separating-Calorlmeter. If steam contains more limn 
three per cent of moisture the priming may be clctcrmincd by 
a good ac|)aralor which will remove nearly all llic moisture. 
It remains to mea.siirc the steam and water .separately. The 
water may l)C best measured In a calibrated vessel or receiver, 
while the slcnm may lie condensed and weighed, or may be 
gauged Ijy allowing it to flow ihrougli an orifice of known size. 


A form of scparating-calorimctcr devised by Professor Carpenter * 
is shown by Fig. 49. 

Steam enters a space at the top 
which has sides of wire gauze and a 
convex cup at the bottom. The water 
is thrown against the cup and finds its 
way through the gauze into an inside 
chamber or receiver and rises in a 
water-glass outside. The receiver is 
calibrated by trial, so that the amount of 
water may be read directly from a gradu- 
atcf] scale. The steam meanwhile passes 
into the outer chamber which surrounds 
the inner receiver and escapes from an 
orifice at the bollom. The steam may 
be determined l)y condensing, collecting, 
and weighing it; or it may be calculated 
from the pressure and the size of the 
orifice. AVhen the steam is weighed 
there is no radiation error, since the 
inner chamber is protected by the steam in the outer chamber. 
Tliis instrument may be guarded against radiation by wrapping 
and lagging, and tlicn if stc^m enough is used the radiation will 
be insignificant, just as was found to be the ease for the 
throltling-calorimctcr. 

The Themfts Electric Calorimeter. — The essential feature of this 
inslrumenl (Fig. 50) is the drying and superheating of the steam 
l)y a measured amount of electric energy. Steam is admitted 
at B and passes through numerous holes in a block of soapstone 
which occupies the middle of the instrument; these holes arc 
partially filled with coils of German silver wire which arc heated 
by an electric current that enters and leaves at the binding- 
screws. The steam emerges dry or .superheated at the upper 
part of the cliaml>cr and passes clown tlirougli wire gauze, which 
surrounds the central escape jnpc; this central pipe surrounds 

^ Trans, Aut, Soc. Alech. Ktigs,t voK xvH, p. 608. 





the thermometer cuj), amt lends to the exit at tlie lop, which has 
two orifices, cither of which may he piped to n condenser or ' 

olscw'hcrc. 

A) use the instrument it is 
projicrly connected by a sampling, 
lube to the space from which 
steam is drawn, and valves arc 
adjusted to suiiply a convenient 
amount of steam which is assumed 
to be uniform for steady pressure; 
this la.st is a matter of some im. 
jiorlance, 

Tlie current of electricity is 
then adjusted to dry the steam; 
this may be determined by noting 
the lemperalure by the thermom. 
eter in the central thermometer 
cup, bccau.se that lliermomclcr 
will show a .sliglil rise corres- 
ponding to a very small degree ' 
of superheating which is sulTicicnt 
to indicate tlie disappearance of 
moisture, but not enough to affect 
the determination of quality by 
the instrument. The wire gauze 
surrounding the thermometer is an essential feature of this 
operation, as it insures the homogeneity of the steam, which, 
without the gau2C, would be likely to bo a mixture of super- 
heated steam and moist steam. Readings arc taken of the 
proper electrical Instruments from which the electrical energy 
Imparted can be determined in watts; let this energy required to 
dry the steam be denoted liy Now let the electric current be 
increased till the steam is superheated 30® and let 72 , be the 
increase of electric input which is required to superheat the 
steam. 

If W is the weight of steam flowing jicr hour through the 
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instrument under the first conditions, the weight when super- 
heated will be CW t where C is a factor less than unity which 
has been determined by exhaustive tests on the instrument. 
The amount of electric energy required to superheat one pound 
of steam' 30° from saturation at various pressures has also been 
determined and may be represented by ^ 9 ; this constant has been 
so determined as to include an allowance for radiation, and is 
more convenient than the specific heat of superheated steam, in 
this place. Making use of the factors C and S, we may write 

E, = or 


which affords a means of eliminating the weight of steam used; 
this is an important feature in the use of the instrument. 

Returning now to the first condition of the instrument when 
steam is dried by the application of jE, watts of electric energy, 
we have for the equivalent heat 

3-42 -E,; 


and dividing by the expression for the weight of steam flowing 
per hour, we have for the heat required to dry one pound of 
steam 


. 3-42 

W 


3.42 CS 



(i - x)r, 


where r is the heat of vaporization and i — Is the amount of 
water in one pound of moist steam. 

Solving the above equation for .v, we have 


a: 




E, 


If desired, thecon-stant factors may be united into one term, and 
the equation may be written 



With each instrument is furnished a diagram giving values of 
K for all pressures, so that the use of the instrument involves 


I 


i 



I 


I 




only Iwo readings of a wallmclcr and Ihc application of the above 
simple cqiinlion. 

For example, suppose that the use of llic instrument in a 
particular ease gave the values <=> 240, and /i, = 93.0 for 
the absolute pressure 100 pounds per s(|unre inch. The value 
of K from the diagram is 54.2, and r from the steam-tables is 884, 
consequently 


X = 


5iL2 H2, 
884 93*0 


0.84. 


Method of Sampling Steam. — It is customary to take a sample 
of steam for a calorimeter or priming-gauge through a small 
pipe leading from the main slcam-|)ipe. The bc.st method of 
securing a sample is an open ((uestion; indeed, it is a question 
whether we ever get a fair sample. There is no C|ucstion but 
that the composition of the samt)le is correctly shown by any of 
the calorimeters described, when the observer makes tests with 
proper care and skill. It is jjrobablc that the Ijcsl way is to 
lake steam through a pipe which reaches at least halfway across 
the main steam-pipe, and which is closed at the end and drilled 
full of small holes. It is better to have the sampling- pipe at 
the side or top of the main, and it is better to take a sample 
from a pipe llirough which steam flows vertically upwarrl. The 
sampling-pipe should be short and well wrapped to avoid 
radiation. 


CHAPTIiR XI. 


INFLUENCE OF THE CYLINDER WALLS. 

In this chapter a discussion will be given of the discrepancy 
between the theory of the steam-engine as detailed in the previous 
chapter, and the actual performance as determined by tests on 
engines. It was early evident that this discrepancy was due 
to the interference of the metal of the cylinder walls which 
abstracted heat from the steam at high pressure and gave it out 
at low pressure. In consequence there followed a long struggle 
to determine precisely what action the wiills exerted and how to 
allow for that action in the design of new engines. The first 
part has been accomplished; we can determine to a nicely the 
influence of the cylinder walls for any engine already built and 
tested; but as yet all attempts to systematize the information 
derived from such tests in such a manner that it can be used 
in the design of new engines has been utterly futile. Conse- 
quently the discussion in this chapter is important mainly 
in that it allows us to understand the real action of certain 
devices that arc intended to improve the economy of engines, 
and to form a just opinion on the probability of future im- 
provements. 

As soon as the investigations by Clausius and Rankinc 
and the experiments by Rcgnault made a precise theory of 
the steam engine possible, it became evident that engines used 
from quarter to half again as much steam as the adiabatic 
theory indicated, and in particular that expansion down to 
the back-pressure was inadvisable. An early and a satis- 
factory exposition of these points was made by Ishcrwood 
after his tests on the U. S. S. Michigan^ which arc given in 
Table III. 
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III. 


TESTS ON THE ENOINE OE THK U. S. >S. •UfCJIIGAN. 

CYUNimW PUMKTKM, iNflIKH; HTUtJKK, H VY-Kf, 

Hy Chlct-llnKlntTf ImiKttwtuiu, Rmarches h Exiicrlmnihl Stem 
/<Ngine(frirtg. 


DuriuUm, hnurn 

Cul-nfT 

UcvoUilinnn |H'r iidmitr 

Hoil(‘r'prrBflurr, {Kmudi) |K*r bi) U\, wIkivc 

nhiui'^lihcrcr 

Rimimt*lcr» Im hen u{ mtrt iiry 

Vaniuiii, IiH )tt*a uf uxt^rt ury 

Siruin |KT ht»nw |K>wrr i>rr liiiiir, iniunth . 
iVr rrnt <»f wnicr In rvUiMlrr »l rnt*n*ir . J 


1. 

P\ 

io.fil 


.cj 

jK.o] 
HI. 7' 


n. 

7/10 




S 


ni. 

73 

3t ,0 
3g,7 

.p ?; 




IV, 


73 

Vio 

LL7 


V. 

j 

l/.| 

U-Ol 


,}|.o 

aij.j 


31.01 
.^0. 
35 


31.0 
1139.9 
« 35.ft 


n.ar.,.1 


|^S‘W. 

11.4 


VII 

1/45 


ia.o 

»9-9 


In the firm |)latf ihr Im-hI fcnnniny for lliw i-nj^ine was 33.7 
pounda InHlrtul of 36.5 (hhiiuI.h mh t Hiciilatcd l>y ilic expression 




778 (r, •( q^ - Ay, - r;,) 


dctlucctl on jm«c i.|i for ihu aicnnvionKiimpiion foni non-con- 

tUicliiiK engine wi(h 
romplcic expansion. 
'I’hia rcaull was ob- 
ifilned with cut-off at 
four-nimha of the 
alrcikf which gave a 
terminid jtressure oi 
one pound alwvc the 
aintoaphcrc, 

The manner of the 
vnrlniiun of the steam 
coiiKumption withlha 
cut-off !a clearly 
ahown by Fig. 51 , in 
which the fraction of stroke ni cut-off is taken for abscissa) and 
the aicam'Consumptions ns ordinates. 
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To make the diagram clear and compact, the axis of abscissae 
is taken at 30 pounds of steam per horse- power per houn An 
inspection of this diagram and of the figures in the table shows 
a regularity in the results which can be attained only when tests 
arc made with care and skill* The only condition purposely 
varied is the cut-off; the only condition showing important acci- 
dental variation Is the vacuum, and consequently the back- 
pressure in the cylinder. To allow for the small variations in 
the back-pressure Isherwood changed the mean cITcctivc pressure 
for each lest by adding or subtracting, as the ease might require, 
the dilTcrcncc between the actual back- pressure and the mean 
back-pressure of 2.7 pounds per scjuarc inch, as deduced from 
all the tests. 

An inspection of any such a series of tests having a wide range 
of expansions will show that the steam-consumption decreases 
as the cut-off is shortened till a minimum is reached, usually at 
i to i stroke; any further shortening of the cut-off will be accom- 
panied by an increased steam -consumption, which may become 
e.xccssivc if the cul-off is made very short* Some insight into 
the reason for this may be had from the per cent of water in the 
cylinder, calculated from the dimensions of the cylinder and the 
pressures in the cylinder taken from the indicator-diagram* 
The method of the calculation will be given in detail a little later 
in connection with Hirn^s analysis. It will be sufficient now to 
notice that the amount of water in the cylinder of the engine of 
the Michigan at release increased from 10.7 per cent for a cut-off 
at H of the stroke to 45.1 per cent for a cut-off at ^ of the 
stroke. Now all the water in the cylinder at release is vaporizc<l 
during the exhaust, the heat for this purpose being abstracted 
from (he cylinder walls, and the heat thus abstracted is wasted, 
without any compensation. The walls may be warmed to some 
extent in consequence of the rise of pressure and temperature 
during compression, but by far the greater part of the licat 
abstracted during cxh<aust must be supplied by the incoming 
steam at admission. There 5 s, therefore, a large condensation 
of steam during admission and up to cut-off, and the greater part 
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of Ihc Hlcam ll\u» comlciisi-tl rcmiuns lu ihc form of water and 
(Iocs Hlllc if anylhitiK toward producing work. This may be 
seen by ins|)C(ii<m of the liildc of results of Dixwcll's tests on 
[mge 370. With siilunilcd Nioam nud with ctil-ofT at 0.217 of the 
.stroke, 53.3 per cent of lim working subsluncc in the cylinder 
was water. Of this ly.H per cent was relivaporated during ex- 
pansion, and 33.4 per cent remained nt release to be rcbvnporated 
during exhaust. When the cut-off was lengthened to 0.689 of 
flic .siroke, there was ay.j; per cent of water at cut-off and 33.9 
per cent at release. The sfalemeiU in |)erccntagc3 gives a 
correct idea of the preponderating influence of the cylinder walls 
when the cutoff is umluly shortened; it is, however, not true 
that there is more condensation with a short tluiii with a long 
cut off. On the contrary, there is more water condensed in 
Ihc cylinder when the cutoff is long, only the condensation 
docs not inercuae as fust ns do the weight of steam supplied to 
the. cylinder and the work done, and eonsectucnily the conden- 
sation has a less effeel. 

Oraphlcal Representation. -T’he divergence of the nciual 




Oraphlcal Representation. -T’he divergence of the nciual 

expansion line from the 
f ndinhatic line can be 

„ t f shown in a striking manner 

by plotting the former on 
tcmj)craturc-cntropy 

f diagram us shown In 

rj' V Pig. 53 winch IS con- 

**• sirucicd from the Indicatot- 

(liagram in Tig. s-ti altown with the axes of zero pressure and 
zero volume, drawn in the usual manner, allowing for clearance 
and for the pressure of the nimosphcre. 

In order to unclerlakc this conslruction the weight of sloom 
per stroke W ns determined from the test of the engine during 
which the dingrniTiH were taken, must he determined, and the 
.weight of steam caught in the clearance must be computed 
from the pressure and volume /, the beginning of compression, 
The dry steam line (Pig. 52) Is drawn |jy the following process: 
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a line ae is drawn at a convenient pressure, and on it is laid u(T 
the volume of W -|- iK)Unds of dry steam ns dclerimned 
from the steam-table to the proper scale of- the drawing. ‘I’htis 
if St is the specific volume of lltc .steam at tlu? pressaure />, ihe 
volume of steam present if <lry and .saturated would l)c 

(l^' -I- W,) .V,. 

But the length of the diagram L, in inches is proporlionni to 
the piston displacement /) in cubic feet, 't'lie hitter is otitained 
by multiplying the area of the piston in .square feet hy Its alroke 
ill feet. For the crank end the net area of the piston is lo be u.sed, 
allowing for llie piston-rod. Conseijueiuly llie proper nbM-issii, 

representing the volume is obtained hy multiplying by giving 


.<■ 


CO- L 

D ' 


and of this all except s is a constant for which ii numerind n-Hiilt 
can be found. 

The diagram shown by Fig. 53 was taken from the head end 
of the high-pressure cylinder of an experlmeninl engine in the 
laboratory of the Ma.ssachusctts Institute of Technology, 'rtie 
value of W -f- JVf was found to be 0.075 of a pound; the piston 
displacement wa.s 1,103 cubit: feel, and the length of the diagram 
was 3.69 inches; conscc|Ucnlly 


(IV I- l-F,) A 

jy "■ 


0.351. 


The line aa was drawn at go pounds absolute at which s — .j.Wi 
cubic feet; the length of llie line nc was con.sequently 

0.251 X >1.86 r.33 Inch. 

Neglecting the volume of the water present, the volume of 
steam actually present bore the same ratio to the volume of the 
steam when saturated, that fic had lo ae. This gave in the figure 
at c 


ae 1.3 1 g 
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To piol ihc point (? on llic lcmpcriiti\rc-onlropy clit 
F'ff' .')3» wc may find the icmpcraiiirc at go pounds nb 
namely, 320° l'\, and on a line with iliat icmperalurc as ai 
nalc we may Intcrpolulc between the lines for constant 

of .V. Other poir 
be drawn in a likt 
ncr, and the curve 
be sketched in; s' 
that the steam co 
to yield heal to thi 
der walls from cut-' 
is reached on Fig. 
perhaps a trifle 
beyond c the ate 
reives heat from il 
unlit exhaust oper 
The .same fealnre is e.vhibiled in J-'ig. 53, by draw 
adiabatic line xdii from the point of cui-olT, The jjoint a 
located by midliplying the length ae, which represents the 
of .steam in the cylinder when tiry by (he value of x aft 
batic expamsion from the ))oint <if cut-off 11. 'riils ])o 
readily included in the preceding Investigation, so that x, 
determined. I.ocaling « on llie lemperaturc-cnlropy d 
Fig. 53, we may draw through it a vertical constant cnlr 
and note where il cuts ilie lines rorrcsjmnding to the 
lines like ae in Idg. 52, and inicr(»olaU‘ for the value 
For example, the entropy at n in F'ig. 53 appears to 
ami at 320® F., whicit correspornKs to 90 pounds, this 
line gives by inler(H)lalitm 0.78, so that the length of ad 

0.78 X 1.22 0.95. 

In this discussion no iitlempl is made to rlistinguish the 
widch may i)e in contact with ilio wall from the rema 
steam and water in the cylinder. In reality that moia 
furnished llic heal wliich the* cylinder walls acquire 
admission, and it abstracts heal from the walls during th 
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sion. The mixture, moreover, is not homogcitcous, because llic 
moisture on the cylinder walls is likely to be colder than the 
steam, though naturally it cannot be warmer. 

Finally, the indicator-pencil is subject to a friction lag that 
operates to produce the effect shown by Figs, sa anti 53 and is 
liable to exaggerate them. That is to .say, the pencil tlrnwa a 
horizontal line and tends to remain at the same heiglil after the 
steam-pressure falls. It then lets go and falls sharply some 
little time after the valve has closed at cul-olT. AflerwurdH it 
lags behind and sliows a liighcr jvcasiirc limn it slunild. 

HJrn’s Analysis. — Thotigli ll)C methods just iltiiHimtetl 
give a correct idea of the in/hicnce of the walls of ll»c rylintler 
of a steam-engine, mir first clear in.Highl into l)»c m lion of the 
walls is due to Hirn,* who accompanied his c.xpt).Hilion iiy tjimn 
titative results from certain engine le.Hts. The .statement of bis 
method which will be given here is derived from a memoir by 
Dwelshauvcrs-Dcry.f 

Let Fig. 54 represent the cylinder of a Hleam-englnc and llic 
diagram of the actual cycle. For sake of simfilldly the diagram 
is represented without lead of admission 
or release, but llic equations to be deduced 
apply to engines having either or both. 

The points 1, 2, 3, and 0 arc the points of 
cut-off, release, compression, and admission. 

The part of the cycle from o to t, that is, 
from admission to cut-off, is represented 
by 0; in like manner, fi, c, and d represent 
the parts of tlic cycle during cx[)anaion, 
exhaust, and compression. The numbers will be used ns sub- 
scripts to designate the properties of the working fluid under 
the conditions represented liy the points indicated, and the 
letters will be used in connection with the opernilons taking 
place during the several parts of the cycle. Thus at cul-ulT the 

* BiDktin tie h Sac. I»d. tie Mulhause, 'morh </« Ai ( 

Yol II, 1876. 

t Reu\tt unhtrscUc das MimSt vol. vlll, p, 363, 1880. 
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pressure is and the temperature, heat of the liquid, heat of 
vaporization, quality, etc., arc represented by etc, 

The external work from cut-off to release is and the heat 
yielded by the walls of the cylinder due to reSvaporation is 
Suppose that M pounds of steam are admitted to the cylinder 
per stroke, having in the supply- pipe the pressure p and the 
condition x\ that is, each pound is x part steam mingled with 
1 — ar of water. The heat brought into the cylinder per stroke, 
reckoned from freezing-point, is 


1 


Q = M {q +xr) {153) 

Should the steam be superheated in the supply-pipe to the 
temperature /„ then 

Q M Ir + q + Jedn (154) 


for whicli a numerical value can be found in the temperature- } 
entropy table. j 

Let the heat-equivalent of the intrinsic energy of the entire \ 
weight of water and steam in the cylinder at any point of the | 

cycle be represented by /; then at admission, cut-off, release, j 

and compression we have i 


h = (?o +-Vo); (15s) 

7, = (M + M,) (?, + x,p,)\ (156) 

7 , = (1/ + M , ) (V, + A-yJ; (157) 

h ^ M,{q + x^,); (158) 


in which p is the heat-equivalent of the internal work due to 
vaporization of one pound of steam, and is the weight of 
water and steam caught in the cylinder at compression, calculated 
in a manner to be described hereafter. 

At admission the heat-equivalent of the fluid in the cylinder 
is and the heat supjflicd by the entering steam up to the point 
of cut-off is Q. Of the sum of these quantities a part, AW a, is 
used in doing external work, and a part remains as intrinsic 
energy at cut-oCf. The remainder must have been absorbed by 


4 
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the walls of (he cylinder, and will be represented by 
On ” <? -1' “ AW 


From cut-off to rclcnac the cxicrnal work W[, is done, and at 
release the heat-equivalent of (he intrinsic energy is /,. Usually 
the walls of the cylinder, during expansion, supply heat to the 
steam and water in lire cylinder. To be more cx])licit, some 
of the water condensed on the cylinder walls during admission 
and up to cut-off is evaporated during expansion. This action 
is .50 energetic that I, is commonly larger than Since heat 
absorbed by tlic walls is given a positive sign, llic contrary sign 
should be given to hcjit yielded hy them; it is, however, co 
venient to give a positive .sign to all the interchanges of heal 
the equations, and llicn in nunrcrical problems a negative sign 
will indicate that heat is yielded during the operation und' 
consideration. For e.\pan8ion, then, 


Qt, - /, - /, -AWt, 


During the exhaust the cxlorntil work W, m done by the engine 
on the steam, the water resulting from the condensation of the 
steam in the condenser carries away the lieal Mq^, the cooling 

water carries away the licnt G (y* - q,), «nd there remains at 

compression the hcat-ccpiivalcnt of intrinsic energy /j. So that 

Mq^ - 6 ’ (q, ~ q;) -|. A W„ 

in which qi is the heat of tlic }ic[iiicl of the condensed steam, and 

C is the weight of cooling water per stroke which has on entering 

the heat of the liquid q„ and on leaving the heat of the liquid (/*. 

During comprc8,sion the external work W., is done by the 
engine on the fluid in the cylinder, and at the end of compression, 
i.c., at admission, the hcal'cquivalciu of the intrinsic cnergt' is I . 
Hence ® 

<?u - - /o -h AW a. 

It should be noted (Fig. ^ 4 ) that the work W„ is represented 
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by ihc area wbich in boundal Isy ihc sU'um line, ihc ordinates 
lhroit|i;h o am) i and by br like manner the 

works IKj, Il'„ and IK^ i»ro repreHemwl by areas wJrich extend 
to Ihe base line. In workinK up lire analysis from a test the 

line of alisolule zero of pressure may be 
drawn iiinlcr the atmospheric line as in 
l*ig. 55, or jmrper allowance may be 
made after the ealenlntion has been made 
with reference to the atmospheric line. 

h’or eonvenlenee lhe.se four equa- 
tions will be assembled as follows; 

C>« • Q ' /„ /, *• /IM'.. ( 155 ) 

Qi /, • f, ' dll' (l6o) 

Qt /, f» l<it ' </() -I* dll', . (i( 5 i) 

Q,t • fj /, i dll’j (i6j) 

A eonsideration of llHt<e e)|uationK shows that all the quanti- 
ties of the riKhi-hantl members t an be obtained directly from 
the prtjper olwervaliotis of an engine le-st e.vccpl the several 
values of I, the heat etiulvalenls of the intrinsic energies in the 
cylinder. 'Fitese (piahtitli's are representetl by equations (155) 
to (158), in which there are five unknown (luanlilies, namely, 
-V*. A*, I A'j, A-,, and (I/,. 

f.cl lltc volume of the clearance space irelween the valve and 
the piston when It Is at Ihe end of its stroke be K„; and let the 
volumes dc’vchtpcfl by the piston up to cul-ofT and release bo 
K, and I',; finally, let F, represent the corresponding volume 
at com[irt'ssinn. The specilic volume of one pound of mixed 
water and steam 1 h 
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and the volume of Xf pountls Is 

V - Mv M {xu d* ff). 
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At the points of admission, ciU-ofI, release, and compression, 

K, « Mo (-V'n -I- 

V^ + V^^ (M -h M,) (a:,#, •)' ‘J^) (‘^’*1) 

= (M -I- iV/(,) (.v,«, -i' 0-) (tf*S) 

7 , -I- V, = Mo (.vjHj -i- »•) 

There is suflicient evidence that lire steam in the cylinder 
at compression is nearly if not ffiiilc dry, anti as ihcro is com- 
paratively little steam present at that lime, there cannot he 
much error in assuming 

.Vj ^ 1. 


This assumption gives, l)y equation (idd), 


M„ 


V. H- K, 

"t *1- 


J 


Ll ±1 


0\ '!■ K)% 


. ft*7) 


in which y, is the density or weight of one cultic fool of dry 
steam at compression. 

Applying this result to equations (363} to (365) gives 


M,j(o "t, 

V V, a- 

" (M -I- M,)V, u 




(M -I- MJ «, ■ K, ■ 


. . (168) 

. . U(»t) 
. . ft 70) 


We arc now in condition to find the values of f,, /,, and 
and consequently can calciilalc al! the intcrchiingca of iieal 
by equations (159) to (163). 

Should the value of x in any ease appear to he greater titan 
unity it indicates that Die steam Is superheated; lids may Impjten 
for .t,, and tlicn as the weight of steam M, is relatively smiill, 
and as the superheating is usually slight, It will Iw sunicienl to 
make x„ equal to unity. It is unlikely to be the case for .v, or .v,, 
even though the steam is strongly superheated in the Bleom ptjte; 


should the computation give a value slightly larger than unity 
the steam may be assumed to be dry without appreciable error, 
and the work may proceed as indicated. If in the use of very 
strongly superheated steam a computed value of is appre- 
ciably larger than unity, we may replace the equation (i66) by 

(M +M,)v^, 

where is the specific volume of superheated steam; conse- 
quently 

* M + M, 

By aid of the temperature-entropy table we may find (by inter- 
polation if necessary) the corresponding temperature /j and the 
value of the heat-contents or total heat. The hcat-cquivalcnt 
of the intrinsic energy is then equal to this quantity minus 

In the diagram, Fig. 54, the external work during exhaust is 
all work done by the piston on the fluid, since the release is 
assumed to be at the end of the stroke. If the release occurs 
before the end of the stroke, some of the work, namely, from 
release to the end of the stroke, will be done by the steam on the 
piston, and the remainder, from the end of the stroke back to 
compression, will be done by the piston on the fluid. In such 
case Wc will be the dififercncc between the second and the first 
quantities. If an engine has lead of admission, a similar method 
may be employed; but at that part of the diagram the curves of 
compression and admission can be distinguished with difficulty, 
if at all, and little error can arise from neglecting the lead. 

The several pressures at admission, cut-off, release, and 
compression are determined by the aid of the indicator-diagram, 
and the pressures in the steam- pipe and exhaust- pipe or con- 
denser are determined by gauges. The weight M of steam 
supplied to the cylinder per stroke is best determined by con- 
densing the exhaust-steam in a surface-condenser and collecting 
and weighing it in a tank. If the engine is non-condensing, or 
if it has a jet-condenser, or if for any reason this method cannot 


be used, then the feed- water delivered to the boiler may be deter- 
mined instead. The cooling or condensing water, either on 
the way to the condenser or when flowing from it, may be weighed, 
or for engines of large size may be measured by a metre or gauged 
by causing it to flow over a weir or through an orifice. The 
several temperatures Cu and must be taken by proper ther- 
mometers. When a jct-condenser is used, and the condensing 
water mingles with the steam, is identical with The quality 
X of the steam in the supply-pipe must be determined by a steam- 
calorimeter. A boiler with sufiicient steam^spacc will usually 
deliver nearly dry steam; that is, x will be nearly unity. If 
the steam is superheated, its temperature 1 , may be taken by a 
thermometer. 

Let the heat lost by radiation, conduction, etc., be this 
is commonly called the radiation. Let the heat supplied by 
the jacket be Q^. Of the heat supplied to the cylinder per stroke, 
a portion is changed into work, a part is carried away by the 
condensed steam and the cooling or condensing water, and 
the remainder is lost by radiation; therefore 


Qe=-Q + Qj-Mq,-G . ( 171 ) 


The heat 0 y supplied by a steam-jacket may be calculated 
by the equation 

Qj = m (x'r' +g' ~ q”) . . . . (172) 

5 n which m is the weight of water collected per stroke from the 
Jacket; r', and ^ arc the quality, the heat of vaporization, 
and the heat of the liquid of the steam supplied; and 9" is the 
heat of the liquid when the water is withdrawn. When the 
jacket is supplied from the main steam-pipe, x' is the same as 
the quality in that pipe. When supplied direct from the boiler, 
xf may be assumed to be unity. If the jacket is supplied 
through a reducing- valve, the pressure and quality may be 
determined cither before or after passing the valve, since throt- 
tling does not change the amount of heat in the steam. Should 






ihc slcnm ai)i)lic(l lo the juckcl be superhculed from any cause 
we may use ihc equalion 


Qj - m Ir' c„ {Ij - /') - f]. , . 

in which r' ami 5' are ihe heat of vaporization and heat of 
the liejuid of saturated steam at the temperature I', and /’' ij 
the temperature of the superheated steam. 

Kc|uation (171) furnishes a method of cnleulaiing the heat 
lost by radiation and conduction; but since (), is obtained by 
.subtraction and is small compawd with the (|imntiiics on the 
riRlit-hand side of the ct|uation, the error of this determination 
may be large compared with Q, itself. 'Phe usual way of deter- 
mining Q, for an engine with a jacket is to collect the water 
condensed in the jacket for a known lime, an hour for example, 
when the engine is at rest, and then the radiation of heal per 
hour may be calculated, if it be assumed tbul lire rate of radia- 
tion at rest is the same as when the engine is running, the radia- 
tion for any lest may be inferred from the lime of the lest and the 
determined rate, but the engine always loses heat more rapidly 
wlren running limn when at rest, so that ilus mctliod of 
determining radiation always gives a result which is loo 
small. 

If a steam-engine has no jacket it is dimculi or impossible 
lo determine the rale of radiation. The only available way 
appears lo infer the rate from that of some similar engine with 
a jacket. Probably the ijcsl way is lo get an average value of 
Q, from the ai)plicalion of equalion (171) to a series of care- 
fully made tests. 

It is well to apply equation (17 tj to any lest before beginning 
the calculation for Ilirn’s analysis, ns any serious error is likely to 
be revealed, and so lime may be saved. 

When the radiation Q, is known from a direct determination 
of the rale of radiation, we may apply Ilirn’s analysis lo a lest 
on an engine even though the quantities depending on the con- 
denser have not been obtained. For from equation (171) 
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lUKN'S ANALYSIS 


-Mg, - G - gt) ^ Q.-Q-Qi + A 

and conscquciilly 


I, - h - Q - Qj + Q, A A {W„ + IKi - V 


Thus it is i)os.siblc to apply the analysis to a non- 
densing engine or to the high-pressure cylinder of a comjiound 


engine. 


It is apparent that tire heal Q„ thrown out from the walls 
of the cylinder during exhaust, pa.sscs without compensation 
10 the condenser, and is a direct loss. Frequently it is the 
largest source of loss, and for litis reasoit Him proposed to make 
it (I test of the performance and perfection of the engine; but 
such a use of this quantity is not juslifiahlc, and is likely to 
lead to confusion. 

The heal Qt that is rc.slorcd during expansion is supplied at 
a varying and lower temperature than that of the source of heal; 
namely, the boiler, tine!, though not absolutely wasted, is used 
at a disadvantage. It has been suggested that an early com- 
pression, as found in engines willi high rotative speed, warms 
up the cylinder and so checks initial condensation, thereby 
reducing^,, and finally <?, al.so. Such a storing of heat during 
compression and restoring during c.xpansion is considered to 
act like the regenerator of a Itol-air engine, and to make the 
cfTicicncy of the actual cycle apjjroach the efficiency of the ideal 
cycle more nearly than would be the case without compression. 
It docs not, however, ajtpcar that engines of that type have 
exceeded, if they liavc equalled, the performance of slow-spccd 
engines with small clciirancc and llltic compression. 

Application. " In order to show the details of the method of 
applying Hint’s analysis the comjtlctc calculation for a test 
made on a small Corliss engine in the laboratory of the Massa- 
chusetts Inslllulc of Technology will be given. Its usefulness is 
mainly as a guide to any one who may wish to apply the method 
for the first lime. 





nmmcicr oi im cyiinnrr 8 Inches. 

Stroke of the piston a feet, 

Piston dlsphiccmcnt: rnink end 0,65101 cu. ft. 

head end 0.7016 “ “ 

Clcjirancc, per cent of piston disolnccmcnt; 

crank end 3.75 

head end 5.4a 

nnller-prr»?iiir«* liy gaiiKe 77.4 pounds, 

nnromeicr M*® “ 

Conti ilion of atenm, two por cent of moLsiurc. 

Kvenm of the stroke: 

Cut-off! crank end 0,306 of stroke. 

head end 0.330 " 

Release at end of slrokc* 

Compression: crank end 0.013 of stroke. 

head end . . o.ojqi " 

Duration of the lest, one hour* 

Total mtmlxjr of revolutions 360^ 

Wulgltl of iilenm used ... 548 poumU, 

Weight of condensing water used 14.568 ** 

Tcmpcmlurea : 

Condensed steam t4i®,i F. 

Condensing waterj cold h ^ S3®.f)F. 

warm h ^8® 3 F, 

♦ MISOLUTR PRRSSURKS, FRONf INniCATOK-DtAOKAMS, AND 

C'ORRHSPONnmO proprrtiks of saturatkd steam. 


1 


Ckakk IChu. 
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MEAN PRESSURES, AND HEAT-EQUIVALENTS 

OF EXTERNAL 


WORKS, 




Admission , 
Kxpansion 
Exhaust 
Compression 


Ai cutoff, + V^ 

At release, -h V, 

At compression, K(,*h V 
At admission, . 


VOLUMES, CUBIC FEET. 


CttAMtc End. 


0*034.1 

0,02550 


At (he boilcr-pressure, 92.1 pounds absolute, we have 
r =’ S88«4, q «= 291, 7. 

The steam used per stroke is 

lyf 548 


2 X 3692 


== 0*0742 pound* 


The steam caught in the clearance space at compression, on 
the assumption that the steam is then dry and saturated, is 
obtained by multiplying the mean volume at that point by the 
weight of one cubic foot of steam at the pressure at compression, 
which is 0.03781 of a pound. 

/. 9 l ^^ 55 . X 0.03781 ^ 0.0019 ^ pound; 

M + Afjj == 0.0742 4- 0.00:9 0.0761 pound. 

The condensing water used per stroke is 


14568 
2 X 3692 











F 

»§| 
mM 












\/ ^ in '•r* y/ 




I OU*243; 


I’. 




. . .(9rO?.S50 ±0 03f^0^') 

o.ooigX Ii(i 8 .. 1 .M 9 a-*l XH18.3.1, 1+13, 664) 

-> 1.043. 

TIur IncUcaica ihiU ihc aicam is supcrhcalcd ni admission. 
Such nmy he ihc c«.sc, or ihc appctimncc may be due lo an 
error in ihc naaumiuion of dry aicam al compression, or to errors 
of obacrvaiion. U is crmvcnicni lo aaaume .v^ t». i. 


*'■' (3/ “1 yl/;} 7; u/ 

, V :L 9 JML... A 

” o. 07 fti X i ( 5*’90 ^ 5 -i> 07 ) fja-'l X i(S'i‘Jo + 5207) 

-« 0.6336. 

V ...5..; 

* I A/«) M, «» 

. Y 

’’ 0.0761X4(13.93.1+13.804) 6a.4 X 4 (13.934 +12.804) 

^ o»yo88* 

/, «*» A/p (9, -l- AfjP,); 

/p 4 X 0.0019 [aoi. 5 *h 81 9.0 +• 1. 00 (877.4 + 863.9)] 

21.054* 

7 1 (A/ I' A/^) (^1 4' x^p^)\ 

/, «» 4 X 0,0761 [284.6 + 384.4 +0.6336 (813.0+813.2)] 
60.238. 

/, •«> (M h A/p) (</, + 

/, »« 4 X 0.0761 [317.8+222.0 +0.7088 (864.8 +861.8)] 
^ 63.311* 

/j A/p((7, + .V,/),); 

.*. /| «*• 0.0019 (181. 1 + 893.3) 2.041. 


Q.-Q + 1 ,- 1 ^- AW ,’ 

Q , = 86.343 + 2.054 - 60,238 ~ i (3.369+3-711) = 24.519. 

<3, = 7, - 7 , - AW ,-, 

Q , = 60.238 - 63.311 - J (3.877 + 4.159) = - 7.091. 

Qc ^ - h - - G {qt - qt) + AW,-, 

.-. Q , = 63.311 - 2.041 - 0.0742 X 109.3 

- 1-973 (56.35 “ 31 . 01 ) + i (1.836 + 1.847) 
= - 14.721. 

Qd = 7j — h + AW,i; 

Q<i =■ 2.041 - 2.054 + ^ (0.0299 + 0.1104) == 0.157. 

+ Qt + Qc + Qa = 2.764. 

Also, equation (171) for thi.s case gives 
Q* “ Q - Mqi - G (qjt - q,) - AW 

•= 86.243-8.110—69.723 — (3.540+4.018 — 1.841 - 0.070) 
= 86.243-8.110-69.723-5.647 = 2.764. 

It is (0 be remembered that the heat lost by radiation and 
conduction per stroke, when estimated in this manner, is affected 
by the accumulated errors of observation and computation, 
which may be a large part of the total value of Q ,. 

Dropping .superfluous significant figures, we have in b.t.u. 

Q = 86.2, Qa = 24.5, Qt = - 7-1, 

Q, = - 14.7, Q ,, = .06, Q , = 2.8. 

Noting that 5.647 arc the b.t.u. changed into work per stroke 
and 3692 the total revolutions the horse-power of the engine is 


60 X 33000 


= 16.35 H.P.- 


and the steam per horse- power per hour is 

- 33-5 pounds. 

For data and results of this test and others see Table IV* 













Effect of Varying Cut-off. — An inspection of the interchanges 
of heat shows that the values of Q^, the heat absorbed by the 
walls during admission, increase regularly as the cut-ofT is 
lengthened, and that the heat returned during expansion decreases 
at the same time, so that there is a considerable increase in the 
value of the heat which is rejected during exhaust. Never- 
theless there is a large gain in economy from restricting the 
cut-off so that it shall not come earlier than one-third stroke. 
Unfortunately tests on this engine with longer cut-off than one- 
third stroke have not been made, and consequently the poorer 
economy for long cut-oCf cannot be shown for this engine as for 
the engine of the Michigan. 

Hallauei^s Tests. — In Table V are given the results of a 
number of tests made by Hallaucr on two engines, one built by 
Him having four flat gridiron valves, and the other a Corliss 
engine having a steam-jacket. Two tests were made on the 
former with saturated steam and six with superheated steam. 
Three tests were made on the latter with saturated steam and 
with steam supplied to the jackets. These tests have a historic 
interest, for though not (he first to which Hirn^s analysis was 
applied, they are the most widely known, and brought about the 
acceptance of his method. They have also a great intrinsic 
value, as they exhibit the action of two different methods of 
ameliorating the effect of the action of the cylinder walls, namely, 
by the use of superheated steam and of the steam-jacket. In all 
these tests there was little compression, and the interchange 
of heat during compression, is ignored. 

Superheated Steam. — Steam from a boiler is usually slightly 
moist, the quality, being commonly 0.98 or 0.99. Some boilers, 
such as vertical boilers with tubes through the steam space, give 
steam which is somewhat superheated, that is, the steam has a 
temperature higher than that of saturated steam at the boiler- 
pressure. Strongly superheated steam is commonly obtained by 
passing moist steam from a boiler through a coil of pipe, or a 
system of piping, which is exposed to hot gases beyond the 
boiler. 
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Superheated steam may yield <a considerable amount of heat 
before it begins to condense; consequently where superheated 
steam is used in an engine a portion of the heat absorbed by the 
walls during admission is supplied by the superheat of the steam 
and less condensation of steam occurs. This is very evident in 
Dixwell’s tests given by Table XXV, on page 271, where the 
water in the cylinder at cut-off is reduced from 52.2 per cent to 
27.4 per cent, when the cut-off is two-tenths of the stroke, by 
the use of superheated steam; with longer cut-off the effect is 
even greater. This reduction of condensation is accompanied 
by a very marked gain in economy. 

The way in which superheated steam diminishes the action 
of the cylinder walls and improves the economy of the engine is 
made clear by Hallaucr^s tests in 'I’ablc V. A comparison of 
tests T and 3, having six expansions, shows that the heal Qg 
absorbed during admission is reduced from 28.3 to 22.4 per cent 
of the total heat supplied, and that the exhaust waste Is corre- 
spondingly reduced from 21.6 to 12.5 per cent. A similar 
comparison of tests 2 and 5, having nearly four expansions, 
shows even more reduction of the action of the cylinder walls. 
The effect on the restoration of heat Qt, during expansion appears 
to be contradictory; in one case there is more and in the other 
case less. It does not appear profitable to speculate on the 
meaning of this discrepancy, as it may be in part due to errors 
and is certainly affected by the unequal degree of superheating 
in tests 3 and 5. It may be noted that the actual value of in 
calorics is nearly the same for tests 1 and 2, there being a small 
apparent increase with the increase of cut-off, which is, however, 
less than the probable error of the tests. The exhaust waste Qc 
is much more irregular for tests 3 to 7 for superheated steam. 
The increase from 81 to 87 n.T.t;. from test 6 to test 7 may 
properly be attributed to a less degree of superheating; the 
increase from 66 to 81 b.t.u. for tests 5 and 6 is due to longer 
cut-off and less superheating; finally, the steady reduction from 
75 to 66 B.T.U. for the three tests 3, 4, and 5 is probably due to 
the rise of temperature of the superheated steam, which more 
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limn compcnHulfs for llm I'fToct of lengthening the cut-o0 
Finally in Usl 8 ihc exlmusl waste is i>rilelically reduced to 
zero by the use of strongly superheated alciim in a non-con- 
densing engine; this shows dearly that the exhaust waste Q, by 
itself is no erilerion of the value of a certain method of using 
steam. 

Steam-JncIcetB. — If the walls of the cylinder of a sicam- 
engine are made double, and if the 8|)acc between the walls is 
filled with steam, the cylinder is said to be steam- jacketed. 
Jiolh barrel and heatls may be jacketed, or the barrel only may 
have a jacket; less fre(|uently the heads only arc jacketed. The 
prineiiml effect <if a steam-jacket is to supply heat during the 
vaporization of any water which may he condensed on the 
cylinder walls. The conseriuence is that more heat is returned 
to the alcum during expansion and the walla arc hotter at the 
end of exhaust than would be the case for an unjackclcd engine. 
T'liis is evident from a comparison of tesla i and it in Table V. 
In lest i only a small part of the heal absorbed during admission 
is returned during expansion, and by far the larger part is wasted 
during exlmusl. In lest it the heat returned during expansion 
is eiiutd to two-lbirds that absorbed during admission, Ihongh a 
pari of this heal of course comes from the jacket. About halt 
as much is wasted during exhaust as Is absorbed during admission. 
Tlic condcnsuliun of steam is thus reduced indirectly: that is, 
the chilling of the cylinder during expansion, and especially 
during exhaust, Is in |mrl prevented by the jacket, and consc- 
(|ucntly there is less initial condensation and less exhaust waste, 
and In general a gain in economy. The heat supplied during 
expansion, thougli it docs some work, is first siilijcciccl to a 
loss of icmiicralurc in jmssing from the steam in tlic jacket to 
llic cooler water on the walls of the cylinder, and such a non- 
reversible process is necessarily accompanied by a loss of efli- 
clcncy. On the otiicr hand, the heal suptilied liy a jacket during 
exlmusl pusses with the steam directly Into the exhaust-pipe. 
It appears, then, that the direct cITccl of a slcam-jackcl is to 
waste licai; the indirect effect (drying and warming the cylinder) 
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educes I he initial condensation and the exhaust waste and often 
jives a notable gain in economy. 

Application to Multiple-expansion Engines. — The application 
)t Him *s analysis to the high-pressure cylinder of a compound or 
niilliplc-cxpansion engine may be made by using equations 
(159)# und (162) for calculating Qa, Qb* and while 

equation (174) may be used to find Qo* 

A sirnllar set of equations may be written for the ‘next cylinder, 
whether it be tlie low-pressure cylinder of a compound engine 
or the intcrmccliatc cylinder of a triple engine, provided we can 
determine the value of Q\ the heat supplied to that cylinder. 
But of the boat supplied to the high-pressure cylinder a part 
is changed into work, a pari is radiated, and a part is rejected 
in the exhaust ^vastc. The heat rejected is represented by 

Q^Qi-AW-Q, (175) 

where Q is the heat supplied by the stCc^im entering the cylinder, 
Qy is the heat supplied by the jacket, is the heat-equivalent 
of tlic work done in the cylinder, and is the heat radiated. 
Suppose the steam from the high-pressure cylinder passes to an 
intermediate receiver, which by means of a tubular rchcater or 
by other means supplies the heat Qn while there is an external 
radiation The heat supplied to the next cylinder is con- 

sequently 

Q' - Q + Qy - - Q. + Qr - a. . . (176) 

In a like manner wc may find the heat supplied to (he 
next cylinder; for example, to the low-pressure cylinder of a 
triple engine* 

It is clear that such an application of Hirn^s analysis can be 
made only when the several steam-jackets on the high- and the 
low-pressure cylinders, and the rchcater of the receiver, etc,, 
can be drained separately, so that the heat supplied to each 
may bo determined individually. 

Tabic VI gives applications of Hirn’s analysis to four tests 
on the experimental triple-expansion engine in the laboratory 
of the Massachusetts Institute of Technology. 



aa^ INFI.UKNCK OK TIIK CYMNDKR WALLS I 

ll will l>p noted that the alciun In the cyliiulcrs becomes drier 1 
in its course ihrougb the eiiRine, under the influence of thorough I 
slcanvjaeketinB with steam at hoiler-inxssurc, and is practically I 
dry at release in the low-pressure cylinder. All of the icsu ; 
show superheating in the low-|>ressure cylinder, which is of 
cour.se possible, for the steam In the jackeus is at full boiler- 
pre.ssurc while the .steam in the eylintler is below atmospheric 
pressure. 'J’he superheating was small in all cases — not mote 
than would be accountwl for by the errors of the tests. The 
e-xhausl waste 0/' h>w-pressurc cylinder in the triple- 

expansion tests is very small in all eases — less than two per cent i 
of the heal supplied to the cylinders. 'I'he apparent absurdity of •; 
a positive value for ()/' in two of the tests (indicating an absorp. 
lion of heat by the cylinder walls during exhaust) may properly 
he altrllmled to the unavoidable errors of the leal. 

In the fourth test, when the engine was developing lao.j 
horse-imwer, there were 1305 pounds of steam supplied to the 
cylinders in an hour, and 3.15 pounds to the stcam-jackeis; so 
(Iml the steam jier horse power per hour jmsaing through the . 
cylinders was 

S305 -r- rao.3 to.86 \icmnds, 

while the condcnaalitm in the jackets was 

3,15 + 130.3 '»> 3.87 pounds. 

.So that, na shown on page i.ts, the n.T.u. per horse-power per 
minute aupplietl to the eylinders \iy the entering alcara to 
while the jackets supplied 40.6 n.T.u., making in nil 
3^l.7 n.T.u. per horse power per minute for the heat-consumption 
0} the engine. In the same connection it was shown that the 
thermal elTKiency of the engine for this lest was 0.183, while 
the cITiciency for incomplele expansion in a non-conducting 
cylinder corresponding to the conditions of the lest was o.aas; 
80 that the engine was running with o. 83 .t of the possible cdidcncy. 
In light of this satisfactory conclusion some facts with regard to 
the leal arc inlercaiing. 


application of niRN'S analysis 225 

Tablk vr. 

application of HIRN'S ANAI.YSIS TO THK KXPERIMENTAL 
KNGINL in Till'. LAHORATORY of TITK MASSACHUSETTS 
INSTITUTE OF Ti:c:iINOLOOY. 

TRIPLI'>EXTANS! 0 *V|* CyJJNOKK !>IAM 3 vTJ:U 8 , q, AJVn 2 t{ WCUttS J BTROKK, 30 

INCURS, 

Tnnt^. A tn, hUch. voL xU, p. 740 . 


Duracion of icsi, tnUmlca . * , * 
Total numbiT of rovoliillons . • , 

Revolutions per niinulu 

Sicam-consumptfon dmiiiR lost, IhJi,! 
Pflsslng rylinilfra , , , 

Condensation iii b p. Jacket . . 
in first receive r-Jacket .... 

in Inter, jacket 

in second receiver •jnrkel . . « 
In l.p. jftckjLd 


Condensing wiitcp for lest, I l)H. . • *| 

Priming, by caloriiucltT - 

Tempera lures, I’nbronltuiu 

Condensed steam 

CondcnsIng-wAUT, coid 

Condenslng-wnicr, hot 

Pressure of the nlmospbcre, by the 

barometer, Iba. )>or aq. iu 

Boiler pressure, )l«. jrcr sq. In. nhso-i 

ime , 

Vacuum in condenser, Inches of mer- 
cury * «' 

Events of the stroke: 

Hlgh-pfcssuro cylindci — 

Cut-off, crank end 

}(C/u) end 

Release, both eiula 

Compression, crank end , • . , 

head end 

Inlcrmcdinlc cylinder 

Cut-off, Ixjlii ends 

Uclciwc, lx)lh ends 

Compression, cnink end ♦ , « . 
head cn<l 


60 


12847 

0*013 


Low-presanro cylinder - 
Cut-ofT, crank end 
Ijcad end , , , 
Release, )>oih ends 


60 

503H 

« 7 .i 



uiSo 

i 57 t 

22186 

30344 

C.OIQ 

o.oxt 

03.1 

103.4 

43.1 

43‘0 

96. 6 

100.3 

14.8 

14.7 


15O.0 

35*1 

34.1 

O.lQil 

0,345 

0-305 

0.371 

I .00 

J.OO 

0.05 

0.04 

0.05 

0.05 

0.30 

0.39 

1. 00 

1.00 1 

0.03 

0.03 

0.04 

0. 04 

0.38 

0.38 

0*30 

0.30 

1,00 

1,00 
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M'aulk VI Conlintied 


Alintiiuii* |iri-;*‘«urr»4 U\ Uir 1 yllmli^r,] 

lMuinn» |*iT R<(. Iii»; 

Hiuh prrwirc* iyliniU*r 

nu uif, t r«i»k entl . 

hviM\ rn»l . » . . 

Urk«»r, I r«nk rnit , 

|\riul rful .... 

(\iui|»rrti.ii|nn, < r^ihic t'li* 

lirrtd rn‘l .... 

i rrt»k viu) 

hrii>l rnil .... 

Intrnnriiirtir \ yliwlvr 
C'vjH«fT» I r<uik rii«l 
brrtil rful ... 

1 riiiik rml . 
riul .... 
Cciiii|irctw«lHn, 1 rniik nu) 

hr«<l rii<l ... 

iirnil riul 

Irfjw |«rr»vftiirr i yllnilrr 

t*u( off, « rank rtifl 

hrttil riiH 

Urkrt«w^. * rank rnt\ 

lirnil rml 

t\ivl 

I rank mil 

Iirml rinl * 

HrttlniiilvrtU*nit» nf rtlcriuil Wt»rk, 
ii.T.U i rctM»m Imlli anir 

tUaKrntn lulirwnf n^i*«iUile vm wuw 
Ilitth iirrftfnrrr lylliukr 
uwnnu admliUrm* 

/1 11 4. r rank tml 

Ucacl tMirl 


lUirlitK rx|i«nftiun, 
/IliV rrank entl 
hp««1 Piw^ * • 
lUirirttf c*xhnu«)l» 

/( U\. < rank rml 
lirail rnd . . 
Ihirlnu « cimprrsninn, 
A Iw, I rank rn«l 
hrail mil , . 
liiifrmnUntr t vUmIrr 
lUirintf 

AllV. irank curl 
head rnd . . 
Diirinu (*x{ninainn, 
A\Vh\ tmnk vm\ 
hraci end . « 


fi.6f 

la.fti; 

10. Hi 

lli 

ti.aH 

0.64 


y.sH 
7. *1.1 

rj.ajl 


L 


3 U. 

IV. 

145*0 

145 0 

138.8 

138,3 

143 *1 

14 . 3.1 

140. 3 

HO . 6 

41-.1 

41.5 

44.7 

48.4 

41 . 5 

40 . 5 

45.7 

49.8 

43.7 

45*3 

48.5 

S 3 -a 

4^.7 


54*5 

62.0 

*M -5 

(•H.H 

73.9 

3 i .2 

75 3 

74 ‘H 

86.7 

97.8 

37 J 

. 37 *^ 

38.6 

40.9 

.45 

. 35*3 

30.6 

43.6 


1 . 1.3 

14.7 

16.0 

1 .L 4 

13 . » 

14.0 

i6.o 

ifi .3 


iR ,9 

19.0 

17. u 

iH. ft 

ao.3 

22. .j 

.10.4 

30 . ft 

72,0 

31.1 

Jt . 1 

JJ.H 

3 . 1. 3 

26.7 

1 j . 1 

13.0 

12.4 

13.3 

( 3.0 

13.4 

1 , 3*1 

14.0 



5*1 

V 

5*4 

. 5 ‘H 

. 5*0 

6.4 

J ‘7 

3 .« 

4.1 

4.3 

4*3 

4 . .5 

4.0 

1 

4*7 


5 ‘ 7 ^ 

*.J 7 

la. 7(5 

i 

y.Hg 

n.C>o 
a. 64 


7 ‘.‘i 7 

7‘SS 

q*J» 


7,00 

n.49 

10.40 

11.93 

R..M 

0.04 

0.40 

0.73 


5 :”* 




O.Ql 

10.37 


8.19 

OS® 

10.35 

n.09 

9.03 

9.66 


t 


8.64 
9.10 

10.64 
n.M 
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Table VI — Continued. 


• 


I. 

. 

11. 

HI, 

IV, 

Intermediate cylinder — 
During exhaust, 

M IK/, crank end . . 


9.27 

9-47 

964 

to. 54 

head end , , . ♦ 


9.27 

9-47 

10.18 

to. 84 

During compression, 

A \V4, crank end . . 


0*39 

0.43 

0.57 

0.46 

head end .... 


0.60 

0.70 

0.78 

0.84 

Low-pressure cylinder — 
During admission, 

A crank end , . 


7-75 

7*95 

8.33 

8.97 

head end .... 


7-99 

8. 19 

8.66 

9-39 

During expansion, 

A crank end . . 


6.83 

7. 10 

6.86 


head end .... 


6.87 

7.12 

7*34 

7*^7 

During exhaust, 

crank end . * 


5.08 

S.08 

4.62 

S °9 

head end .... 


5,08 

5.16 

4.81 

5.00 

During compression, 
ytIKrf", crank end . . 


0.00 

0.00 

0.00 

0.00 

head end .... 


0,00 

0.00 

0.00 

0.00 

Quality of the steam in the cylinder. 
At admission and nt compression 
the steam was assumed to be dry 
and saturated: 

Hig fi -pressure cylinder — 

At ciU-ofT A'. . 

0.7R5 

0.899 

0.784 

0 

'w 

CO 

0.87s 

At release 

a:, . 

0.903 

0.920 

0 . 9 JI 

Intermediate cylinder — 

At cut-off 

.r/ . 

0,899 

0.9x2 

0.906 

0.908 

At release 

ATa' . 

0.994 

♦ ♦ ♦ 

« 

♦ ♦ % 

Ix>w-prcssure cylinder — 
At cul-oiT 


0,978 

♦ ♦ 


0.974 

At release 

-V," . 

4 t :|i )|i 

>»! Jk * 


Interchanges of heat between tlic 
steam and Ihe walls of the cylin- 
ders, in u. T. u. Quantities 
affected by the jiositive sign arc 
absorbed by the cylinder walls; 
quantities afTected by the negative 
sign Eire yielded by the walls: . . 

Hlgh-prcssurc cylinder — 

Brought in by steam . Q . . . 

132.93 


141. 11 

149-^4 

During admission . . , 

Q. . . 

33-54 

23 ‘43 

17.49 

14.93 

During expansion , . . 

<?. . . 

— 18.69 

— 19.28 

"* 15-33 

— 14-03 - 

During exhaust .... 

. . 

- 8.36 

— 7.22 

" 3*50 

— 2.38 

During compression . . 

g. . . 

0 . 4 S 

0.51 

0.49 

0. 52 

Supplied by jacket . . 

Q> ■ . 

4.5^ 

4.08 

2*39 

2.50 

7 ,ost by radiation . . . 

g. . . 

1*50 1 

r.52 1 

1*54 

1-54 

First i titcrmedialc receiver 
Supplied by jacket . . 

Qr . . 

4.92 

5*30 

5.67 

5*95 

Lost by radiation . . . 

Qr. . . 

0.58 

0.58 ' 

°S 9 

0.50 


♦ Superheated. 






sraS 


INKLUKNCK UK TIJK CYLINDER WALLS 


’Faju.k VI Coniinued 


JntrrinrfU/jir i ylimlrr 


liniUKhl III by Ririim 


1 Ririn{( ni/rrilAalfid . 

• 

i luring cxtmii>it1on . 

■ t'. 

{Juriiig rxnuu'si . * 

. V,' 

During ntrniirc^^ttnn 

. 

Su|i|iHrc( by jiukrl 


iiV nulbiUnii . 


Set umi liUermedirtle ret elver 

Suppllrtl bv jrti kel 

e/. 

tu»i bv ritiiintlnii . . 


prr-fcwr f yIJmIrr 

Hroiii^bi bi by t^leunt 

• u 

Ihirbt^ ftilml^lfiri . 

• 

lUiriii{( eiiimiittlntt . 

• VC 

Ihirbig ctliiui^l . . 

• 

Ihiriiiu uiniiireTeiltin 

■ ^'C • 

Sup|mefl fiY Jm ket 

^’C 

Iav\{ tiy mnbilltHi . 

or 

Tu<a) lii^ by rnilUtInfi 

by |»rrllfj»Jri#iry Inl« 

XU, 

by etiiinllim ( 1 7O * 


*«ivrr wml rtftiumiy.’ 

Ilrttl niiilvrtkni'i nl 

^nrk« i«*r 

Blfttke 

IL 1*, I yUmler , ♦ 

. A ir . 

Intrrni tyllhtler. 

. Atr 

1.. 1*. 1 yllmtrr 

All'* 


1'i.uU 


*rau) hrtti /iiffilshril \iy J#i» k«-N . 
|)l»l Hint Ihri tif work 

f irNiwIrr , . . . 
Imcrmc^cUnlc lyMotlrr . . » . 
I^cm prrMiiri? (ytimfrr . . , . 

nr»rft^-|»i*wcr . . 

Sirrtm |»rf H I*, I*e*r Ivatf . . 

M TV, j«rf 11 1*, jwrr inlmMr . . 



11. 

UI. 

IV. 

St.fn 

18.05 

U«i.M 

n.74 

137. R? 

"•33 

•ao.io 

146.64 

0 . JJ 

*•57 

a. 88 




0.6) 



7-50 

7-<)7 

rI 

J . 45 


J.5O 


•I ^0 

•1.0.} 

■ra? 

-\. 2 i 

I , ;u 

\ . i'j 


1.74 

MJ. i-l 

1.10.50 


147. 



§•57 

5*70 

ij.51 

t.tnj 

* 8.(15 

‘"10. 13 

J.Sl 


• 1-14 

o.tt 


0.00 

0.00 

o.oo 

7.t>M 

6. JO 

7.41 

? M 

•t .M 

4.. JO 

4.45 

4.47 

10.17 

i 10. JO 

fO.JJ 


1 1 . f>K 

1 10. ig 

«-75 

8.oj 

H.»ll 

H.:il 

U.I7 

1 

Hi 

7.IJ 



8.47 

u.oi 

lo.ofi 

1 

10. b; 



•^5 .VS , 

3 ?. Hi , 

^P‘?J 

<>7 

J7.0J 

37.71 

28.45 

t ,c«a 

(,O0 

t.oo 

r.co 

cnH-i 

0.H4 

0.B5 

0.8$ 

i.ii 

I./i 

MQ 

1.74 

104. g 

104. a 

113,1 

170.3 

M*b5 

Jir 

U‘0O 



an 

jjfi 

ni 


I 


ll will hv noil'll (Imi fur IV ipig«8,| tUT.u, per stroke arc 
bruuKhi in liy ilu- Mi-nm Mipiilicnl u* ilu- hif^li-prcflaurc cylinder 
find llml 38 ..i,i; ji.t.u. |*rr ulrtikr itri* »u|»|iliftl Ijy llic Biciim>JackclJi 
ftnd timi, fiirilifr, n|,^^ ii.T.u, lire cliiiiiKetl inio work wliile 10.35 
nre rfuHiUetl. 'riiiis it aiiiicnm tliiil tile jnrkels furiiisliccl almost 
m much liral n« ivaa reqiiiml tf» th> nil l)u: work developed. Oi 
ihe heat furnl&hed liy tile jn( ket» jiinnething more than n third 
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was radiated; the other two-thirds may fairly be considered 
to have been changed into work, since the exhaust waste of the 
low-pressure cylinder was practically zero. 

Quality of Steam at Compression. — In all the work of this 
chapter the steam in the cylinder at compression has been con- 
sidered to be dry and saturated, and it has been asserted that 
Hide if any error can arise from this assumption. It is clear 
that some justification for such an assumption is needed, for a 
relatively large weight of water in the cylinder would occupy 
a small volume and might well be found adhering to the cylinder 
walls in the form of a film or in drops; such a weight of water 
would entirely change our calculations of the interchanges of 
heat. The only valid objection to Hirn’s analysis is directed 
against the assumption of dry steam at compression. Indeed, 
when the analysis was first presented some critics asserted that 
the assumption of a proper amount of water in the cylinder is 
all that is required to reduce the calculated interchanges of heat 
to zero. It is not difficult to refute such an assertion from 
almost any set of analyses, but unfortunately such a refutation 
cannot be made to show conclusively that there is little or no 
water in the cylinder at compression; in every case it will show 
only that there must be a considerable interchange of heat. 

For the several tests on the Him engine given in Tabic V, 
Hallaucr determined the amount of moisture in the steam in the 
exhaust-pipe, and found it to vary from 3 to 10 per cent. Professor 
Carpenter* says that the steam exhausted from the high-pressure 
cylinder of a compound engine showed 12 to 14 per cent of 
moisture* Numerous tests made in the laboratory of the 
Massachusetts Institute of Technology show there is never a 
large percentage of water in cxhaiist-stcam. Finally, such a 
conclusion is evident from ordinary observation. Starting from 
this fact and assuming that the steam in the cylinder at com- 
pression is at least as dry as the steam in the exhaust-pipe, we 
are easily led to tlie conclusion that our assumption of dry steam 
is proper. Professor Carpenter reports also that a calorimeter 
Tram. Am. Soc, Mech. Engrs.^ vol. xif, p. 8ri. 
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test of steam drawn from the cylinder during compression 
showed little or no moisture. Nevertheless, there would still 
remain some doubt whether the assumption of dry steam at 
compression is really justified, were wc not so fortunate as to 
have direct experimental knowledge of the fluctuations of tem- 
perature in the cylinder walls. 

Dr. Hall’s Investigations, — For the purpose of studying 
the temperatures of the cylinder walls Dr. E. H. Hall used a 
thermo-electric couple, represented by Fig. 56. / is a cast- 

iron plug about three-quar- 
ters of an inch in diameter, 
which could be screwed into 
the hole provided for attach- 
ing an indicator-cock to the 
cylinder of a steam-engine. The inner end of the plug 
carried a thin cast-iron disk, which was assumed to act as 
a part of the cylinder wall when the plug was In place. To 
study the temperature of the outside surface of the disk a nickel 
rod N was soldered to it, making a thermo-electric couple. 
Wires from / and N led to another couple made by soldering 
together cast-iron and nickel, and this second couple was placed 
in a bath of paraffine which could be maintained at any dcsiiod 
temperature. In the electric circuit formed by the wires joining 
the two thermo-electric couples there was placed a galvanotnclcr 
and a circuit-breaker. The circuit-breaker was closed by a i! 

cam on the crank-shaft, which could be set to act at any point j 
of the revolution. If the temperature of the outside of the dkk | 
S differed from the temperature of the paraffine bath at the Instant ; 
when contact was made by the cam, a current passed through j 
the wires and was indicated by the galvanometer. By properly ; 
regulating the temperature of the bath, the current could be ' 
reduced and made to cease, and then a thermometer in the bath 
gave the temperature at the surface of the disk for the instant . 
when the cam closed the electric circuit. Two points in the 
stcam-cyclc were chosen for investigation, one Immediately 
after cut-off and the other immediately after compression, since 
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they gave the means of investigating the heat absorbed during 
compression and admission of steam, and the heat given up 
during expansion and exhaust. 

Three diflferent disks were used: the first one half a millimetre 
thick, the second one millimetre thick, and a third two milli- 
metres thick. From the fluctuations of temperature at these 
distances from the inside surface of the wall some idea could be 
obtained concerning the variations of temperature at the inner 
surface of the cylinder, and also how far the healing and cooling 
of the walls extended. 

The account given here is intended only to show the general 
idea of the method, and does not adequately indicate the labor 
difficulties of the investigation which involved many secondary 
investigations, such as the determination of the conductivity of 
nickel. Having shown conclusively that there is an energetic 
action of the walls of tlie cylinder, Dr, Hall was unable to continue 
his investigations. 

Callendar and Nlcolson^s Investigations. — A very refined 
and complete investigation of the temperature of the cylinder 
wails and also of the steam in the cylinder was made by 
Callendar and Nicolson* in 1895 at the McGill University, 
by the thermo-electric method. 

The wall temperatures were determined by a thermo-electric 
couple of which the cylinder itself was one element and a wrought- 
iron wire was the other element. To make such a couple, the 
cylinder wall was drilled nearly through, and the wire was 
soldered to the bottom of the hole. Eight such couples were 
established in the cylinder-head, the thickness of the unbroken 
wall varying from o.oi of an inch to 0.64 of an inch. Four pairs 
of couples were established along the cylinder-barrel, one near 
the head, and the others at 4 inches, 6 inches, and 12 inches 
from the head. One of each pair of wall couples was bored to 
within 0.04 of an inch, and the other to 0.5 of an inch of the 
inside surface of the cylinder. Other couples were established 
along the side of the cylinder to study the flow of heat from the 
* Proceedings of the InsL Civ. Engrs.t vol cxxxii. 


INKI.UKNt'K OV TI!K C Vl.lNllKR WALLS 




ajJ 



hiwl t«3Wiirtl llu* uaiik end. 'riu- limiaruiurc of ihe steam 
near ihe l yliiuliT lu-aii wa>, ineus\irat Iiy a iiliuintim ihcrmomcict 
( iUmliU- ifidic atinK ni|ji<l <lii< tcuuions of tcmpcraiutc 

'rin- tnKini- »miI fur llu- invfsii«iuii>ns was a liigh-sp^td 
i-fiKi''**. ‘ "lurollwl by a %.w),e5j 

governor. DutiriK \\\v mvislijtnlinnH the cut-off was set at 3 
flM'il pdint (iilatin “ni- litlli Miiikc), and the speed wfta controlled 
cMi-rtudly. Hy die udilision of a wufru ieni amoinu of lap m 
preveiU llu- valve frimi (ukiiiK 3<leutn ill llu- crunk end Ihc engine 
' was made single a« tiiiK. 'I’tie luiritml speed of (he engine was 
j5orevoliilii»iis per miiinle, Itnl diiriuM llu-invesligalionslhcspced 
Wii*> frnrn .|o iti (/;» revulurmns per iniinite. 'I'hc dinracierof ihe 
cyliiuler w-Uh to.^ imlie-. and llu- sinike of the pislon was u 
im lu-ft. 'riu- 1 learam e was len per ceiil of llu- plalon tlisplftccmcni, 

Prom llu- imluiiior diagrams an iinidyHiH, nearly equivalent la 
Hirn‘» unidy.sfs, sluiw-i-d llu- tuai yickled to or taken from t)!c 
wuIIh Ity die fiteam; oil die oilier liniul die llieriUttl measurements 
K«ve «a Iridiirtlion of die lienl jdainei! l»y tir yielded by the walls, 
'J’lie n-siilK are •*»' follow iiiK inlile; and considering the 

diHit ully of die liivesligaliori and llu- liirRe idUiwnncc for leakage, 
llu- lonioriliime inu»l lie adniitled lo lie very nniiafncloty. 
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The i)Iatinum ihcrtnomclcr near llif tyliiulcr-lu-ajl .<»!n>wi-(l 
superheating throughout cain|)rcs.sion, ihii.s confirming oiir idtn 
that steam can be ircatcfl as dry and .saturated at llie beginning 
of compression. Titi.s .same thermometer fell nuatlly during 
admission and sliowcd saturation jiraelically up to eul-olT, as 
of course it should; after cut-off it began again to show a tern- 
peralurc higher than that due to the indicated pre.saure, whit h 
sliows that the cylinder-head probably evaportiled all the moisture 
from its surface soon after cut-off. If this eonelusion is turret 1, 
there would appear to be little advanuige from sleutn jacketing 
a cylinder-head, a conclusion wideh is itorne tnil iiy tests on I lie 
experimental engine at llic Mas.saehu.selts Institute of ’I’celinology. 

The following table gives the areas, tempenitures, anti llie bent 
absorbed during a given test by the varioti.s «tjrfiuc.s e-xixi.s-etl to 
steam at tlie end of the .stroke, i.e., I lie clearance Hurface. 


Tajjek v.m. 


CVeUCAL riKAT-AHSOKI'I’fOK EOll (’t,KAt<ANCi": SttRI'At’Kfv. 


Porilofti of «)jr/Ace confllrlDretU 


Cover face, /0.5 Inchw 

Cover side, 3.0 Incbca 

Piston ffito, 10,5 filches (ilamclcr. 

Piston side, 0.5 Incli 

Barrel side, 3.0 inchcfi 

Counlcrbore, 0.5 Inrli 

Pol ls and valves 

Sums and incan*^ .... 


Ar«a 

M«Af) 

»,T U» 

of *nr/ft€«< 


foil. 

K. 

)>»f mliiuif. 


. 

. 

O, 0 o 



0. 70 


Vi 

O.^K) 

atjs 

1 m 

0. 1 r 

m 


0.71 

i w 


0. r J 

\ jt)t 

o.c>o 


IfM 

.^74 

tai 

S.K* 


The heat absorbed liy the aide of the cylinder wall uncttveretl 
by the piston up to 0.25 of the stroke was eallmiiled to be 51; 
B.T.u. per minute, whiclt added to the above sum gives 585 ii.T.ti.; 
from which it appears that 90 per cent of llic condensation U 
ciiargcablc to tlic clearance aurfaccs, which were exre(ilioMtil!y 
large for this type of engine. .Further inspection shows that 
the condensation on the phslon and the liurrei is mut h more 







energetic than on the cover or head. For example, the face of 
the piston absorbs no while the face of the cover absorbs 

only 68 b.t.u., and the sides of the cover and of the barrel, each 
3 inches long, absorb 79 and 123 b.t.u. respectively. This 
relatively small action of the surface of the head indicates in 
another form that less gain is to be anticipated from the appli- 
cation of a steam-jacket to the head than to the barrel of a 
steam-engine. 

The exposed surfaces at the side of the cylinder-head ami 
the corresponding side of the barrel arc due to the use of a 
deeply cored head which protrudes three inches into the counter- 
bore of the cylinder, and which has the steam-tight joint at the 
flange of the head. It would appear from this that a notable 
reduction of condensation could be obtained by the simple expe- 
dient of making a thin cylinder- head. 

Leakage of Valves. — Preliminary tests when the engine was 
at rest showed that the valve and piston were tiglit. The valve 
was further tested by running it by an electric motor when the 
piston was blocked, the stroke of the valve being regulated so 
that it did not quite open the port, whereupon it appeared that 
there was a perceptible but not an important leak past the valve 
into the cylinder. There was also found to be a small leakage 
past the piston from the head to the crank end. 

But the mo.st unexpected result was the large amount of leakage 
past the valve from the steam-chest into the exhaust. This was 
determined by blocking up the ports with lead and running the 
valve in the normal manner by an electric motor. This leak- 
age appeared to be proportional to the difference of pressure 
causing the leak, and to be independent of the number of 
reciprocations of the valve per minute. From the tests thus 
made on the leakage to the exhaust, the leakage correction in 
Table VII was estimated. Although the investigators concluded 
that their experimental rate of leakage was quite definite, it 
Would appear that much of the discrepancy between the indicated 
and calculated condensation and vaporization can be attributed 
to this correction, which was two or three times as large as the 





LEAKAGE OF VALVES 


23s 


weight of steam passing through the cylinder. Under the most 
favorable condition (for the seventh test) the leakage wa,s 
0.0494 of a pound per stroke, and since there were 97 stroke? 
per minute, it amounted to 

0.0494 X 97 X 60 287.5 


pounds per hour, or 32.6 pounds per horse-power per hour, so 
lliat the steam supplied per horsc-power per hour amountcii to 
56.4 pounds. If it be assumed that the horse-power is propor- 
tional to the number of revolutions, then the engine running 
double-acting will develop about 44 horse-power, and the leak- 
age then would be reduced to 6.5 pounds per horse-power 
per hour. Such a leakage would have the effect of increas- 
ing the steam-consumption fr.om 23.5 to 30 pounds of steam per 
horse- power per hour. 

To substantiate the conclusions just given concerning the 
leakage to the exhaust, the investigators made similar tests on 
the leakage of the valves of a quadruple- expansion engine, which 
had plain unbalanced slide-valves. The valves chosen were the 
largest and smallest; both were in good condition, the largest 
being absolutely tight when at rest. Allowing for the size and 
form of the valve and for the pressure, substantially identical 
results were obtained. 

The following provisional equation is proposed for calculat- 
ing the leakage to the exhaust for slide-valves: 


leakage — 



where I is the lap and e is the perimeter of the valve, both in 
inches, and p is the pressure in pounds in the steam-chest in 
excess of the exhaust-pressure. The value of the constant 
in the above equation is 0.021 for the high-speed engine used by 
Callcndar and Nicolson, and Is 0.019 

valves for the quadruple engine, while another test on the large 
valve gave 0.021. 






'I’liis miillor ol llic InikdRo lo llic cxlmusl is worthy of further 
iiivcstiKiitifi'- Sluuiltl it Ik* foutul lo uiiply in general to slide- 
valvii iviul piston valve engiues it would go far towards explaining 
the superior eioiunny (»f engines with separate admission- and 
CKluuml-vnlves, iiml espeeinlly of engines with automatic drop- 
vvtl olT valves which are jiractically at rest when closed. It 
may he remarked that the excessive leakage for the engine 
tested ap|>eara lo he due to the size and form of valves. The 
valve wtuH large so as lo give a good i>orl-opcning when the cut-off 
was shortened hy the fly-wheel governor, and was faced off on 
iioth sail's HO llial it could .slide helweun the valve-seal and a 
massive cover plale. The eovor-idale was recessed opposite 
the steam ports, nml tlie valve was conslruiicd so as lo admit 
Hleum al holh faces; from one the steam passed directly into the 
cylinder, and from the other it passed into the covcr-platc and 
thence into the steam-port. This type of valve has long been 
used on the I’orler Allen and the. Straight- line engines; the former, 
however, has sepamte Hlcatn- and exhaust-valves. Such a valve 
lias a very long perimeter which accounts for the very Inrgc cflccl 
of the leakage. 

Callenilar and Nlcolson con.sider that the leakage is probably 
in the form of wnler which is formed hy condensation of steam 
on the surface of the valve-scat uncovered hy the valve, and say 
furtlicr, lluil it fa modified hy the condition of lubrication of 
the valve-seal, as oil hinders the leakage. 



CHAPTER Xir, 

ECONOMY OF STEAM-ENGINES. 

In this chapter an attempt is made to give an Idea of the 
economy (o be expected from various types of steam-engines 
and the elTccts of the various means that arc employed when 
the best performance is desired. 

Table X gives the economy of various types of engines, and 
represents Die present slate of the art of steam-engine construc- 
tion. It must be considered that in general the various engines 
for which results arc given in the table were carefully worked up 
to their best performance when these tests were made. In 
ordinary service these engines under favorable conditions may 
consume five or ten per cent more steam or heat; under unfavor- 
able conditions the consumption may be half again or twice as 
much. 

All the examples in the table arc taken from reliable tests; a 
few of these tests arc staled at length in the chapter on the influ- 
ence of the cylinder walls; others arc taken from various series 
□f tests which will be quoted in connection with the discussion 
of the effects of such conditions as stcam-jackcting and com- 
pounding; the remaining tests will be given here, together with 
some description of the engines on which the tests were made. 
These tables of details arc to be consulted in ease fuller informa- 
tion concerning particular tests is desired. 

The finst engine named in the table is at the Chestnut Hill 
pumping-station for the city of Boston. Its performance is 
the best known to the writer for engines using saturated steam. 
Some engines using superheated steam have a notably less steam- 
consumption; but the heat-consumption, which is a better criterion 
of engine performance for such tests, is little if any better. The 
first compound engine for which results are given, used 9.6 
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ence in ivppanvius, etc. The Chcainui lilU engine, which was de- 
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signed by Mr. E. D. Leavitt, has three vertical cylinders with their 
pistons connected to cranks at 120 °. Each cylinder has four 
gridiron valves, each valve being actuated by its own cam on a 
common cam-shaft; the cut-olT for the high-pressure cylinder is 
controlle<l by a governor. Steam-jackets arc applied to the 
heads anfl barrels of each cylinder, and tubular rcheaters arc 
placed between the cylinders. Steam at boiler-pressure is sup- 
plied to all the jackets and to the tubular rchcatcr.s. 

Table XL 

TRIPLK-EXPANSION LEAVITT PUMPING-ENCINE AT THE 
CHESTNUT HILT. STATIO.N, BOSTON, MASSACHU.SETTS. 

CVLINUER DIAMETERS 13.7, 24.37$, 39 WCHES; STROKE 6 FEET. 

U)' Professor K. 1 '. Millkr, Tcchtwiogy Quarlerly^ voK ix, p. 72. 


Duration, Jioiirs . 24 

Total expansion 21 

Revolutions per minute 50.6 

Steam ►pressure above nimosphere, pounds per square inch ^75* 7 

Baromclcr, pou mis per square inch 14.9 

VncuuTTi In condenser, inches of mercury 27.35 

Pressure in high and intermediate jacket find re heaters, pounds per 

square incii 5 75‘7 

Pressure in low-pressure jacket* pounds per square incit 99 

Horse- power 575*7 

Steam per horsc-powcr per hour, pounds 11,3 

Thermal units per horsc-powcr per minutv 204.3 

Thermal cnjcioncy of engine, per cent 20.8 

KfTicIcncy for non-conducting engine, percent 38.0 

Ratio of efficiencies, per cent 74 

Coal per horsc-powcr per hour, pounds i . iqd 

Duty per 1,000,000 b.t.u 141,855,000 

Efficiency of mechanism, per cent . ... S9.5 


The Sulzcr engine at Augsburg has four cylinders in all, a high- 
pressure, an intermediate, and two low-pressure cylinders. The 
high-pressure cylinder and one low-pressure cylinder arc in line, 
•with their pistons on one continuous real, and the intermediate 




cylinder is nrninKnl in a similar way with ihc olhcr low-pressure 
cylinder. M'lte enKine has two cranks al riglu angles, between 
which is the lly wheel, grotived ft,r rope-tlriving. Each cylinder 
lias fmir douhle HctittK l)oi)liei.valve.s, ticliinled by eccentrics 
links, and levers from a vulve-slmfl. The admission-valves 
are cttiKrtilletl hy the gaveriutrs. Knur le-sts were made on this 
engine, us rectirded in Table XII. 


Taiim-. XU. 

'I Kll'l.i; KXI'ANSKIN UdHI/O.N'I'At, Mir.l.-tlNCilNR. 

i vunouch hiAMsrsvs wi. .n-s, ani> two ok 51/1 laeiira; stkokk 78,7 

INi '1(101. 

Ilulli liy SulJticK nf WleilrrUuir, '/.fiUthrij! ilrt Vereitis Deiilselier Ingtnlem, 

viii, xl, (1, 5JJ, 


huir»nhiii, iiihiiitri^ . , . 

UrvttlllUinn I*rr iiitriMlr 

Slr«m>|jrrruiiirr, |K*f iu)imrr lilt ii . 

VAtuurn, mmury 

Uhrivr'|Kiwpr ... 

Stenru |K?f hnriic^jK*wcr |>er h<*ur, iKuiiuh 
Mc«n f«r fuur icnt« .... n • . 
C’«al |HJr hnm* jK'r Imur, |KmruU , 
Xrc?fth fcir four .... i.jo 
Slram fwf fKiuntl of icml ...... 


'rite lest nn the e.'<|ierimental engine ul the Mnasachusclts 
Insillule of 'rechnotogy is (| noted here becaiiae its clTtcicncy 
and economy are chosen for disciiKsiun in Chapter Vtfl. Taking 
its performance ns a Imsis, it appears on page i(|8 that with 150 
ptiiinds boiler- jiressu re and 1.5 pounds absolute back-pressure 
Buch an engine may be e.'tpeclcd to give a horse-power for 11.5 
imunds of steam, from which It appears that under the same 
conditions its performance com|)arc8 favorably with the Sulzcr 
engine or even the engine. 
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Tablk XIII. 


MAUlNF.-KNGtNE TRIALS. 


By Professor Alexander P. \V. Kennedy, Proc, !ns(. Meek, Engn., 1889-1892; 
summary by Professor H. T. Beare, 1894, p. 33, 



I 

I 

1 

5 

*0 

u 

«* 

g 

u 

8 

4 > 

s 

1 

Triple or comjiound 

C. 

C. 

c. 

T. 

T. 

IDiameicr high- press are cylinder, inches 

a? 

30 

50. t 

29,4 

21.9 

Diameter intermediate cylinder, inches 




44 


Diameter low-pressure cylinder, inches 

50*3 

57 

97. r 

70.1 

57 

Stroke, inches ..... 

33 

36 

1 72 

48 

39 

Dura non of triat hours 


10.9 

9 

^7 

id 

Number of expansions 

.6.1 

6. 1 

5*7 

10. 6 

19.0 

Revolutions [icr minute 

S 5*6 

S6 

' 36 

71.8 

61 . I 

Steam -pressure above atmosphere, pounds per square 



1 



inch 

56.8 


I105.8 

J 45-2 

JO5 

Pressure in condenser, ahsohUc, pounds per square 






inch 

2.3? 

12,51 

4*72 

3*73 

0. 70 

Bnck-prc3.su re, absolute, pounds per s(|uarc inch . . , 

3.8 

3*4 

6.0 

3*3 

1.8 

Horse-power 

371 

1022 

2977 

1994 

645 

Steam per horse-power ])cr hour, pounds 

21.2 

21,7 

20.8 

IS -o' 

13-4 

Tlicrmtil units per horse power per minute 

380 

398 


265 

250 

Coal per horse- i>()wcr per hour, pounds 

2.66 

2.9 


2.0! 

1.46 

Steam evaporated per pound of coal 

7.9(1 

7-40 

8.97I 

7.46 

9 -iS 

Weight of machinery jrcr horse- [Kjwcr, poimd.3 . . . 

603 

448 

27^1 

439 

7or 


The engines of the S. S. Iona have an unusually large expansion 
and give a correspondingly good economy. The engines of the 
Meteor and of llic Brookline give the usual economy to be 
expected from medium-sized marine engines. Table XIII 
gives dciails of tests on the engines of the first two ships 
mentioned, together with tests on compound marine engines. 
Table XIV gives tests on the engine of the Brookline. It 
appears probable that the relatively poor economy of marine 
engines compared with stationary engines is due to the 
smaller degree of expansion, which is accepted to avoid using 
large and heavy engines. 
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Tabl: 

TESTS ON THE ENGINE 

CyUCNDER DIAMETEE8 23, 35, AN 

By R T. Millee and R* G. B, 


Duration, hours 

Revolutions per minute 

Steam-pressure, jKJunds jjer square inch 

mosphere 

Vacuum, inches of mercury 

Horse-power 

I . Steam |>er harie-i>ower per hour, fjouncii 

I Coal |)er horse-jxiwer per hour, pounds 

I B.T.U. per horseqiower {:xjr minute . 


The horizontal mill-engine w: 
engines in Table X, is a tandi 
arc given in Table XXVI on { 
superheated steam is the Ijcst 
with saturated steam is a trifle 
engine. 

Tasi. 

COMPOUND LKAVITT PUMP' 
KEN'I 


CVUN»*R DIAMKTKRB 37.3 AND 

By F. W. Beam, Trmi. Am» S 


AUTOMATIC CUT-OFF ENOIKES 


Table XVIL 

KNOIKES OF THE il K. REVENUE STEAMERS RC 
CALLATIN. 



Diameltrs of rylm«kr», iotliri . . . » , 

Stroke, inches 

Duration, hours 

Revolutkmi |)cr mlfiute 

Stetm-prcsauro by gawi^e, inmmk , . , . 

Vac,uum, indwn of mrrrury 

Total tipaftiioni ............ 

Home-i'jower 

Steam fier horsc^jiowrr |.irr hour, iMmiifk 


a# and jH 
a; 

55 

7t 

a6.5 

h/a 

f06, 5 
i«.4 


The details of the tests on the U. S. 


Revenue Stt 


and GalUUiH are given in 'I'ahle XVII, as made ah 
a board of naval engineers ti» determine the advantji 
pounding and using steam Jnekets. 'I'hree other e 
tested at the ^me time, but they wt're of older tyjK's 
interesting. 

A remarkably complete ami imja^rtant series of te.s 
in 1884 by M. F. Delafond. 'Fhese tests are ree<»rd( 
XXX and XXXI, from which there are (jiioted in T 
results with and without eomlensation ami witli ) 
st^m in the jackets. 
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The details of the tests on t 
cinnati, together with tests on I 
Table XVIII. 

Tabli 

DUPLEX DIRECT-ACTING FIRE- 


INSTITUTE OF 

TWO STEAM-CYUNDEItS t6 INCH: 

Tttchm>h^y QmtH 


Single 

strelUi 

Length 
of stroke. 

length 
of ilroke. 

Steam- 

IMrtMure 

i 

minute. 

West* 

i Km»t. 

i 

f attft. 

W 

It . 40 

10. 10 

S«.S 

Cl.: 

f r 4 

tl .70 

I f .07 


13 ,. 

no 

U.49 

ti.07 

S **4 

It. 

*35 

U.60 

11 . 10 

53. « 

tS.. 


JO.QO 

10. aft 

47.3 

it .1 

*93 

lO.OCI 

10.31 



ns 1 

If . 77 

1 1 . 7ci 

45,6 

39 

i8o 

11.74 

j t . 96 

46,5 

41.. 


Tabi, 

TESTS OF AUXn-IARY STKAIV 
M/iY/Y/ 

By P, A. Kiigm«*r W. W, Wihti, 


METHODS OF IMPROVING ECONOMY 


The two tests on the tiirect acting fire-pumj 
Massachusetts Institute of Technology are taken fr 
XIX, and the tests on the feed and lire- pump on the M 
are given in Table XX. Both sets of tests show the o 
consumption of steam by such pumps when running s 
powers. The latter table is most interesting on accoi 
light that it throws on the way that coal is consumed 
vessel when cruising at slow 8{HH>ds or lying in hjirbor. 

Mediods of Improving Economy. — The least expei 
of en^ne to build is the simple non-condensing engine ' 
valve gear; this type is now used only where i-conomy 
importance, or where simplicity is thought to be ii 
Starting with this as the mtwl wasteful type of engine, 
ments in economy may be st>ught by one or more of the 
devices: 

1. Increasing steam- pressure. 

2. Condensing. 

3. Increasing sixe. 

4. Expansion. 

5. ComiK>unding. 

6. Steam-Jackets. 

7. Superheating. 
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by the ideas that have be 
of thermodynamics, and i 
the steam-engine; the four 
in this category as a means 
range effective. It has b 
the cylinder of metal wh 
energetic action on the ste 
attempts to approach the 
non-condensing engines, ai 
to be gained by increask 
devices enumerated (inc 
jackets, and superheatini 
been applied to diminish 
and allow us to take advai 
appears at first sight tha 
the first category, as it c 
range between the steam-p 
but the steam in the cylii 
and it is better to consid( 
cylinder condensation. 

It is interesting to cons 
steam-jackets were used b] 
he was limited in pressure 


EFFECT OF RAISING STEAM-PRESSURE 


that the theory has sometimes been misapplied, has 
erroneous opinion that the steam-engine has been d 
■without or in spite of thermotlynamics. And further, 1 
all the advantages then available has had a tendency tc 
their importance, and makes it the more desirable to ; 
several methoils categorically as given above. 

It is now commonly considered that the steam-en 
be«i brought to full development, and that there is lit! 
substantial improvement to be exjMx-ted; in fact, this < 
ms reached a decade or two ag»>, when the triple engi 
steam at 150 to 175 jfmunds by the gauge, was perfect( 
most recent change is the use of superheated steam 
pressures, now that effective and durable superheat 
been deviscti. Kx|K*riment and exi>eriencc have settl 
well the limitations for the variou.s methods of improving 
and allow of a fair aiHl conservative presentation to wh 
will probably be few exceptions. We will, therefore, 



the mmMUfifl tinffine. each iMfluff ffiven all the ad^ant 
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II 

rl 
it 
1 1 

ij 

ii 

It 

II 



If tf is taken to lie 100® K 
300°, and 400°, the values of t 
But the influence of the cy 
improvement unless we resorl 
studying Delafond ’s tests 
Figs. 57 and 58 on pages 25 
sumption Is plotted as onlinj 
cut-off, each curve btnng lett 
was maintained while a serii 
rt'sents tests without steam ii 
steam in the jackets. Thos 
with condcn.Hation, and thos 
condensing. Inspection of 
tion in steam-consumption, 
35 pountls by the gauge U> fx 
without a steam jacket, but i 
to 80 and 100 pounds gives 
sumption. The same figure i 
the limit for non-condensing 
on Fig. 58 are not tjuite so 
figures give the following as 
simple engine.s of goml desig 



DEI>A FOND’S TESTS 

vj8«J in the jacket couUi be determined. The engine 
with and without steam in the jacket, l>oth condensing 
condensing, and at various pre.s.surc’s from 35 to i< 
above the pressure of the atmosphere. The effect 
and the friction of tlte engine were also obtained b; 
friction-brake on the engine-shaft. 

The piping for the engine was so arrangwi that steal 
drawn either from a general main 8team-pi|>e or fron 
boiler used only during the test. Before making 
engi ne, which had been running for a suflklent tim 
to a condition of thermal ecjuilibrium, was sujjplied i 
from the general supply. At the instant for beginnii 
the general supply was shut off and steam was taker 
special boiler during and until the end of the test, a: 
pipe from that ladler was dosetl. 'rhe atlvuntage of tl 
was that at the bt’glnning and end of the test the wi 
boiler was quiescent and its level could be act urately tl 




5 
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58 represents tests with ste 
densation, at 50 pounds be 
curves are the per cents oj 
steam-consumptions in poui 

Tj 

HORIZONTAL COR] 

CYLINDER DIAMETER 2 1. 65 INC 
BARREL C 

By F. Delafon] 


Revola- Cut-off in 
tions per per cent o 
minute. stroke. 






DKLA FOND'S TESTS 


results for individual tfsts art* represented by dotS; 
which or near which the cprves are drawn. As then 
a few tests in any series, a fair curve representing the 
be drawn through all the points in most cases. The « 


TABtK XXII. 

HORIZONTAL CORLISS KNOINK AT CREUSOT 

CVLINDHl WAKlTItK **,65 INtttM; HTBOItK 43.31 INCHES; JACKET 
only; NOHH'ONOKNSmct. 

By F. DiOAfONR, Anmtks dfi Miiws, tRS4. 
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radically from the curve 
at so early a cut-off is 11 
probable error of detenu 



CONDENSATION 

on Fig- $8. It docs not appear worth while to try t( 
curve to represent these tests. 

Cofl^ensatioii. — The complement of raising the steam 



The gam from condens 
and the conditions of ser 
to twenty per cent. Cle 
vacuum than with a poor 
feature which should be ( 
pressure; when the condit 
effective pressure is large 
advantage of maintaining 
when the mean effective 
be best ilhistmteH witb 


of either pair of results v 
25 per cent, which would 
of brake tests for this engi 
ical eflSciency when runn: 
it was only 0.82 when ] 
brake horse-power per h 
indicated steam by the m 
pairs of results became foi 
non-condensing 26.9, and 
with steam in the jacket, 
from condensation was 


26.0 — 22.1 
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INCREASE OF SIZE 

pressure for a pumping-engine or mill-engine may b( 
i8 pounds per square inch, anti a difference of o 
vacuum (or half a pound of back- pressure) will be 
to nearly three per cent in the jMJwer; on the other hai 
engine is likely to have a retluctti mean effective ] 
forty pounds per square inch, and compared with it « 
of one inch of vacuum is equivalent to a little more th 
cent. In any case the gain in economy due to a sma 
meat in vacuum is approximately equal to the reduc 
alBolute pressure in the condenser, divided by tl 
m^m effective pressure. 

A very important matter is brought out in this di 
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In this case the larger cngin 
capacity of the smaller one. 
the absolute size of the engi 
is little if any advantage in 
limits of })racticc. 

But the advantage from 
as will be apparent from t! 
in Table X are for engines c 


COMPOUNDING 


The total expansion for a compound or triple engi: 
obtained in two ways: we may use a large ratio of 
cylinder to the small cylinder, or we may use a short 
the high-pressure cylinder. The two methods may be 
by the two Leavitt engines mentioned in Table X; tl 
the large to the small cylinder of the compound 
Louisville, is a trifle less than four, and the cut-off for 
pressure cylinder is a little less than one- fifth strok 
other hand, the triple engine at Cht^stnut Hill has a 1 
than eight for the extreme ratio of the cylinders, an 
cut-off for the high-pressure cylinder at a little more i 
fifths. So large an extreme ratio as eight would nc 
venient for a com|K)und engine, but ratios of five oi 
been uscrl, though not with the best results. 

Marine engines usually have comparatively little to 
sion both for comfmund and for triple engines, and co) 
are unable to work with an economy tniual to that for 
engines; the type of valve-gear which the designers feel c 
to use Is also little adapted to give the bc*st reiults. 
some question whether there is not room for impro 
both these directions. 

(kanpoundlag. — The most efficacious method \ 


2s8 


ECONOMY OF STEA] 


and two low-pressure cyKnders was i 
ships. Many triple engines have t 
which with the high-pressure and 
make four in all. Again, some trip 
pressure cylinders and two low-pr 
intermediate cylinder, making five ir 
Two questions arise: (i) Under \ 
several types of engines be used ? an 
pected by using compound or triple e; 
Neither question can be answered 
From tests already discussed and 
are given in Table X, it appears that 
best results were attained with the fol 
engines about 175 pounds by the gai 
145 pounds, and for simple engines 
for engines with condensation. Ne 
obtained for a compound engine v 
and on the other hand the simple en 
with equal advantage. The informa 
engine is sufficient to serve as a reli 
least room for discretion concerning 
pound and triple engines. There wi 
,of serious disappointment if the follov 


COMPOUNDING 


pounds with a steam-jacket ; with an allowable variation 
pounds. For a non-condensing compound engine we 
as the preferred pres.sure al)out 175 pounds, but our tes 
include this ca.se, and the figure b open to question, 
little, if any, occasion for u.sing triple-expansion non-C( 
engintHi. 

About ten years ago an attempt was made to introd 
ruple-expansion engines, using .steam at about 250 p 
marine purjKJses in conjunction with water-tube boik 
can readily lie built for high-prc8surc.s; but more recen 
has been to arlhere to triple engines even where th« 
has chosen a high-pres.Hurc for sake of developing a la: 
per ton of machinery, or for any other purpo.se. 

For convenience in trying to determine the gain f: 
pounding, the following 8U{)plementary table has been < 




Simpit 
C#r}iti it 


EivdtttloRi fi«*r miniii** 
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Compound and triple engines have b( 
to marine work, where for various reasor 
well be used. . Taking the engines of th( 
in the following supplementary table to i 
we can determine the gain from compoi 


Data and Results. 


Revolutions per minute 

Steam pressure by gauge 

Total expansion 

Steam per horse-power per hour, pounds . 


Gain from compounding, 


22 18.4 


= 0.16. 


Gain from using triple engine instead o 


A 


EXPERIMENTAL ENGINE 


Proiierly the comparison for finding the gain from cc 
ing should be bus«i on thermal units per horse- power pe 
but the data for such a comparison are not given fc 
engines, and as all the engines have steam-jackets, the co 
of steam-consumptions is not much in error. 

Stwmn-Jackats* — As has already been pointed ou 
discussion of the influence of the cylinder walls, the 
action of a steam-jacket is to dry out the cylinder during 
without unduly reducing the temiierature of the cylini 
and thus check the condensation during admission. T 
jacket does indeed supply .some heat during expan 
that effect is of secondary importance, and the heat i 
with a thermodynamic di.sad vantage. The principal 
thus to supply heat which is thrown out in the exhaust 
all lost in case of a sim|)le engine; in case of a compou 
the heat supjilied by a jacket during exhaust from 
pressure cylinder is interceptetl by the low-pre.ssure 
and is not entirely lost. It would clearly be much me 
tageous to make the cylinders of non-conducting n: 
that were {wisstble. A clear grasp of the true acth 
steam-jacket has a natural tendency to prejudice 
against that device, and this prejudice has in many c 
strengtheneti by the confusion that has come from indii 





steam-jackets on the barrel and the heads, and s 
supplied to any or all of these jackets at will. T 
densed in the jackets of any one of the cylinders is c 
pressure in a closed receptacle and measured. ' 
receivers were also provided with steam-jackets; 
provided with tubular reheaters so divided that o 
thirds, or all the surface of the reheaters can t 
steam condensed in the reheaters is also collected 
in a closed receptacle. 

The valve-gear is of the Corliss type with vacv 
which give a very sharp cut-off. The high-press 
mediate cylinders have only one eccentric and w 
"consequently cannot have a longer cut-off than hal 
the control of the drop cut-off mechanism. Th( 
cylinder has two eccentrics and two wrist-plates, and 
valves can be set to give a cut-off beyond half 
governor is arranged to control the valves for an; 
cylinders. Each cylinder has also a hand-gear ; 
its valves. For experimental purposes the gove 
control only the high-pressure valve-gear, when 
running compound or triple-expansion. The 
nsed for adjusting the cut-off for the other cylinde 
usually the cut-off for such cylinder or cylinders i 
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Clearance in per cent 


High-pressure cylindei 
Intermediate ‘ ^ 

Low-pressure ‘ ' 

Results of tests on tb 
order to form a triple- 
XXIII, and are repress 
cut-off of the high-pres£ 
consumptions of therma 
ordinates. 

The most important 
this engine is of the ad^ 
steam in the jackets. 1 
purpose: (i) with steal 
receivers, (2) with steal 
heads and barrels, (3) w 
the cylinders only, and 0 
The most economical 
steam in all the jackets 
the receiver-jackets, as : 
There is a small but dis 
the receiver-jackets also 
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Table XXIV gives tests 
in the jackets ami with stea 
the results of these tests wil 
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GAIN FROM STEAM-JACKETS 


the most favorable conditions should be chosen who 
has steam in the jackets, and in like manner the 
without steam in the jackets shouhl lx- selected; a 
of two such selected tests has more weight than a 
comparison of intlivulual tests, however great the 
such tests may In*. An investigatiim of Delafont 
Tables XXI and XXII and rejjresentwl by Figs, 
gives such a comparisttn. 'I'he tests selected are th 
Table X and give two {>airs, witlt condensation a 
Thus the best result with steam in the jacket and w 
sation is 16,9 {munds, and without steam in the jat 
the gain is 


Without condensation the best results are 31.5 wi 
the jackets and 34.3 without su-am in the jackets; the 

34.3 — 

34,3 

These results are probably too .smaU, as the steam 
jackets should be collected and returned to the boih 
a moderate reduction of temiwrature ladow the ten 
the steam in the boiler. The drij» from the jackets 
. through a trap, ami as rejKjrtetl is podmbly tcK) smal 
the most questionable rt'suU from the tests. 

Data for a simitar comparisem for comjaHmtl i ng 
at hand, but the tests tlescrilatj on page 365 si*em tt> li 
for the triple engine. 
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These heat-consumptions t 
of steam {)er horse-[K»wer jm 
consumption the gain from 
appear to be only 9 per cen 
cent. This large dilTerenc 
steam used in the jackets, i 
of the total steam-consum 
vidual jacket is, however, n 
in the jackets of the high-jn 
the jackets of each of the 01 
The effect of jacketing 
surprisingly small, as fron 
B.T.u. per horse {wwer pel 
best result without steam i 
only 

374 


The corresimndence betwet 
Callendar and NkoI«)n o 

hi 


INTERMEDIATE REHEATERS 


are the Leavitt pumping-engines, for which results ai 
Table X. The fact that these engines give the best 
recorded for engines using saturated steam lead to the 
that such reheaters may be used to advantage. The < 
evidence, however, is not so favorable, for, as has be( 
out on page 264, there was found a small but distinct dis 
from using steam in double walls or jackets on the in 
receivers of the experimental engine at the Massachusetl 
of Technology, It appears that this engine gives 
economy when steam is supplied to the jackets on the 
and not to the jackets on the reheaters, and, further, 
steam is used in the receiver-jackets the steam in 
pressure cylinder shows signs of superheating, whi( 
considered to indicate that the use of the steam-jacke 
too far. 

After the tests referred to were finished the engin( 
nished with reheaters made of corrugated-copper 
arranged that one-third, two-thirds, or all of the reheati 
can be used, when desired. Table XXIV, page 266. 
results of tests made on the engine with and withou 
the reheaters; in these tests the entire reheating-surfac< 
when steam was supplied to a reheater. 

For some reason the heat-consumption when no 
used in the reheaters is somewhat greater than tha 
Table XXIV for the engine without steam in a 
jackets; the difference, however, is not more than t 
and a half per cent and cannot be considered of much u 
It is clear from the table that there is advantage from 
reheater, and still more from using two. If the heat-co 
for the engine without steam in the jackets and wit! 
in the reheaters (taken from Table XXIV) is assu 
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which is scarcely more tl 
the jackets. These tests 
they are too few and refei 
Superheating. — The in 
the interference of the c] 
engine economy is by tl 
1863-64 a number of na 
heaters by Chief Enginee 
showed a marked advanti 
heated steam for stationai 
and in Europe. But th( 
dry steam on one side anc 
deteriorated, and after an 
the use of superheated s1 
pound and triple engines 
More recently improv 
introduced in Great' Brii 
endurance, and superhea 
successfully for sufficient 
the application of super! 
Two series of tests will 1 
on a simple engine, and S( 
There appears to be no 1 


DIXWELL’S TESTS 


Table XXV. 

DIXWELL’S TESTS ON SUPERHEATED STE 

CYLINDER DIAMETER 8 INCHES; STROKE 2 EEET. 


Proceedings of the Society of Arts^ Mass. Inst Tech.y i8S 



Saturated Steam. 

Supe 


I 

II 

HI 

IV 

Duration, minutes 

127 

83 

63 

180 

Cut-off 

0.217 

0.443 

0.689 

0.2x8 

Revolutions per minute 

61. s 

60.4 

sS.o 

61.0 

Boiler-pressure above atmosphere, pounds 
per square inch 

50-4 

50.2 

SO. 3 

so . 4 

Back-pressure, absolute, pounds per sq. in. 

15.4 

IS . 7 

IS. 8 

IS. 2 

Temperatures Fahrenheit: 

Near engine 

302 

303 

303 

478 

In cylinder by pyrometer 

278-297 

279-296 

282-300 

313 

Per cent of water in cylinder: 

At cut-off 

52.2 

3 S-P 

27.9 

27.4 

At end of stroke 

32-4 

29.3 

23.9 

18.3 

Horse-power 

7.65 

12.7 

15.68 

6.83 

Steam per horse-power per hour, pounds, 

48.2 

42.2 

45.3 

3 S .2 

B.T,U. per horse-power p^ minute. . . 

796 

696 

747 ' 

631 


A metallic thermometer or pyrometer was placei 
in the head of the cylinder. When saturated stea 
this pyrometer showed a large fluctuation, but when 
steam was used its needle or indicator was at rest 
part of the apparent change of temperature with sat 
is attributed to the vibration of the needle and th< 
mechanism, it is very clear that the use of super] 
reduces the change of temperature of the cylind 
remarkable manner. The effect of superheating c 
of the cylinder walls is also indicated by the per < 
. in the cylinder at cut-off and release. 

The apparent gain by comparing the amounts c 
per horse-power per hour in favor of superheated 
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we must compare instead tl 
giving a real gain of 

6 q 6 - ^^46 
696 

This same Harris-Corlis 
consumption of 548 b.t.xj 
supplied with saturated stea 
why the earlier attempts a 
so easily set aside when it v; 
pressure. 

Though we have no test 
condensation on engines o 
it is probable that a very r 
use of superheated steam u 
heat were as much as fiftee] 
consumption to a larger ( 
and would be likely to give 
steam per horse-power per 

The best results obtaine< 
steam in compound engine 
in Table XXVI, for a 
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onc-third stroke when the 
about one-sixth stroke wl 
tests on simple engines sue 
the small Corliss engine 
Technology, confirm these 

The term total expanxion 
can properly have only a c( 
taken to Iw the prtKluct of 
cylinder by the recipna-al o 
for the high-pressure cylint 
sion is about ao for all the 
X, except those on marin( 
jKior economy. It may th 
advisable to use much m< 
and that less expansion sh 
tions of service (for exami 
expansion. 

'Fhe stationary comjKtui 
have about ao exi>ansitjns, 
that for highest <*conomy 
(piired. In practice some 
advisable. 

Variation of Load. -■ li 


VARIATION OK LOAD 


ift the next chapter; and the second is evident from ( 
of curves of steixm-ctmsumption us given by Fig. 5 
and Figs. 57 and 58, imges 25a 253. 

The allowable range of power for a simple engi 
than for a com|)ound or a triple engine. Comi): 
simple and a triple engine may be made by aid of 
59. The Corliss engine at Creusot when .suppliet 
at 60 pounds pressure, with contlensation and w 
the jacket, develojaal 150 horse power and used 
of steam jht honse-power i»er hour. If the increai 
to 10 per cent of the la-st econ(»my, that is, to xt; 
horse-power jkt hour, the horse power may be redt 
92, giving a rtxluction of nearly .40 per cent fron 
power. The triple engine at the Mas.Haehusetts 
Technology with steam at 1 50 ptmnds {)re.ssure and 
in all the cylinder- jackets xlevelojHul 140 horse-pox 
233 B.T.ti. per horse- {Hiwer [>er minute. Again, 
increaseti consumption tt) 10 per cent or to 254 b.t. 
may be rcducctl to alaxut 104 horse-jK>wer, giving a 
26 per cent from the normal power. The effect 
power for these engines cannot be well shown ft 
made on them, but there is reason to Ixelieve th? 
engine would preserve its advantage if a comjtari 
made. Though the tests which we have on comp 
do not allow us to make a similar investigation t>f 
changing load, there Is no doubt that it is intermi 
respect between the simple and the triple engine. 

When the power develo{H*d by a compouml engi 
by shortening the cut-off of the high-pressure cyllnd 
of the low-pressure cylinder must .shortenetl at t 
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cylinder is fixed, is likely to have a 
indicator-diagram due to expansion 1 
the power is reduced by shortening the c 
cylinder. Such a loop is always accon 
economy; if the loop is large the engii 
than a simple engine, for the high- 
nearly all the power and may have 
piston, which is then worse than uselej 

There is seldom much difficulty in n 
any desired reduced power by shorten! 
the steam-pressure, or by a combinal 
But a compound engine sometimes g: 
very low power (even when attention 
the low-pressure cylinder), which usi 
discussed; i.e., the power is developed n 
cylinder. Triple engines are even n 
way. A compound or triple engine i 
power is subject not only to loss of ( 
action, but the inside surface of the 
liable to be cut or abraded. 

Automatic and Throttle Engines. — 
may be regulated by (i) controlling t 
by adjusting the cut-off. Usually the 


ArTCJMATli' ANU ‘riiUcriTLK KN<;rNKS 


by gravity* WIuti tlu* (‘ngiiu* is running steadily 
sjiml the foret*s a<ling t»n the gevernur ari* in etfui 
the halls revolvt* in a iertain luiri/nnial plane. If 
the engiru* is rediua'cl tlie engine spei’ds up and the 
outward ami upwanl until a new position of 
found with the halls revolving in a higher liorizc 
Through a proper sysuan o! liitks and levers tlie upv 
of the halls is inach* to partially t lose a throtth* valve 
which sujiplivs steam to tite engjne and tints atijusts 
the engine tt» the Imul, 

Shaft gcnernors have largi' levolvittg weights whnst 
forces an* halamed h\ stnutg springs. 'They a 
emntgh to ismtrol tlte di arihution or tlu* cut off \ 
engim*, which, however, lute.i Ite iKtlaneed so that i 
easily. 

Automatic engine's, tike the (\trlis.s engim*s, lta\e 
two for adnussioii and two for c-vliaust tef rUcstm. 'Fh 
release, and t cunpnrssion arc* ttvc'cl, hut die t ut off i 
by tilt* goveriucr. Tsuall^ an admission waive is att; 
actuating medianism Icy a laic !i or similar chnaeca w 
ojicaied hy tin* g,ovt*rnor, and them the valve is c losec 
by a spring, or hy some odier independent devieca 
of the* goverm»r is to tonlrcd itie posidem of a ? 
which the lateh strike's and hy whicli if is opened 
valve. 

('orlks and odu-r atnomadc engines have long liat 
reputation her etonomv. wliieh is eomimaily attrilw 
method c^f reguladcm. If h true that die valve gr 
engine's are adapti’d tc* give an early tail etff, wliieh i 
elements of the design of an nitiiomieal siniple engti 



from the steam to the exhaust side 
of similar construction. 

Every steam-engine should have 
of its normal power; and again it 
that a single-cylinder engine shoi 
through the greater part of its stro! 
tions, together with the fact that it i 
a plain slide-valve engine to give ar 
use of a long cut-off for engines con 
The tests on the Corliss engine a 
XXII, pp. 250 and 251) show clea 
a long cut-off for simple engines, 
out that a non-condensing engine 
about one-third stroke. With cut-( 
pounds steam-pressure the engine 
and used 24.2 pounds of steam pe; 
running without steam in the jack 
If the steam-pressure is reduced to 
lengthened to 58 per cent of the s1 
is increased to 30.2 pounds per hor 
power being then 173. The gain 
off is 



EFFECT OF SPEED OF RE^ 


Considering also that automatic en^ 
built and carefully attended to, while 
often cheaply built and neglected, th 
the one and the bad reputation of tl 
counted for. 

It is, however, far from certain that ai 
have a decided advantage over a throttl 
latter is skilfully designed, well built and ( 
to run at the proper cut-off. Considerin 
steam-consumption per horse-power per 
is unduly shortened, it is not unreasonat 
not better results from a simple throttlir 
automatic engine when both are run for < 
at reduced power. 

The disadvantage of running a compc 
with too little expansion can be seen by 
consumptions of marine and stationary 
hand, the great disadvantage of too mr 
evident from the tests on the engine in 
Massachusetts Institute of Technology 
265). Considering that the allowable vi 
economical cut-off is more limited for a 
engine, it appears that there is less reason 
governor instead of a throttling govern< 
triple engines than there is with simple 
the most economical engines (simple, co 
automatic engines. 

Effect of Speed of Revolution. — Thou 
steam on the walls of the cylinder of ^ 
rapid, it is not instantaneous. It would 
an improvement in economy might be att 
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surfaces exposed to steam in 
fact, all engines which for \ 
to run at very high rotative 
economy, in part from the r 
fact that piston- valves are co 
to the kind of leakage descri 
page 234, even when they i 
monly the engine has a fly-^ 
valve to be very free with th( 
Willans invented a single-ac 
at high rotative speed, and si 
passages without excessive cl 
rod to carry the steam froir 
tandem. Tests on this engii 
in this book) showed that a 
200 revolutions per minute 
from 24.7 to 23.1 pounds ; 
further increase of speed tc 
to 21.4 pounds; the engine 
condensing. This engine use 
power per hour, when develc 
lutions per minute under 17 


BINARV KXCUNK 


lottenburg give some insiglit into the piKssiliilitieH of 
The engine is of mo<U*ratt‘ size, developing about 15' 
as a steam engine, and about zoo liorse power as a 1 
using st(‘am at abemt i<>o pounds by the gauge 
superheating, ddu' engine is a three eylinder tri 
engines Init can bt* run also as a ca>rnpoun(l taigi 
probably is xxot proportituu'd ii\ give the lu*st eeono 
latter eomiition. 

The general arrangeantuu ttf the engine* is as folic 
steam cylinders are arrangc*d liorizontallv side* l)y 
additional eylinde*r using the volatile fluid (sulphui 
on the opposite sidt* of the c rank sliaft, to whicii it is 
its (Avn c rank and t onneding rod. Stc*am is su[>p 
boilcT and superhc*atc*r to tlu’ sivam catginc*, and 
into a tubular c emdenser wide h acts as the sul 
vape^rizes; the eemdensed steam is pumpt*d bac k in 
and the vaeuttm is maintained by an air pttmp as use 
of 20 to 25 inches of mcu'cury was maintaiiusl in tl 
The vaponnis sulphur dioxide* at a pressure of i zo t 
by the gauge* was Ivd to die pr<»per cylinder, from 
exhausted at about pounds l^y da* gauge*; this 
candemsed in a tidmlar tondrnst*r tn* circulating 
t(‘mperature of about so*’ F. at die inlet and ah' 
the exit. 

'The drijis frtun the steam jackets i 4 die stesarn c 
jiiped to the steam lumbrnseT iiisteacl of being rti 
boiler^ but that canmil be of miicli importance 
condensation in die jachtis wa’=. probalily less than 
of the tcetal steatm suppliea! to die engine. 'The pc 
the engine is given in lable XX\ 1 II in terms 1 
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BINARY ENGINE, ST 
By Professor E. JossE, Royal 


Revolutions per minute i39-6 

Steam-Engine: 

Pressure at inlet, h.p. cylinder 

by gauge pounds i 3 < 5 .S 

Vacuum, inches of mercury . . . 23-0 

Superheating, degrees Fahrenheit 17s 

Horse-power, indicated 132-1 

Steam per h.p. per hour, pounds . 12.5 

Thermal units per h.p. per minute 244 
Sulphur-Dioxide Engine : 

Pressure by gauge pounds: . . . 

In vaporizer 132 

In condenser 31 

Temperature Fahr. at inlet to cyl- 
inder 132.0 

Temperature Fahr, at outlet from 

condenser • • 66.2 

of circulating water inlet ... 49.6 
outlet. . . 50-9 
Horse-power, indicated ..... 45.3 
per cent of steam-engine power 34. 4 
Combined Engine: 

Horse-power, indicated . ..... 177-4 
Steam per h.p. per hour, pounds . 9.7 

Thermal units per h.p. per minute 183 
Mechanical efficiency 85.5 


BINARY ENGINE 


about 35 pounds in the sulphur-dioxide cylinder a 
ture of about 65® F., the efficiency would be 

T - T" ^ - 6.i; ^ 

575 +460 


0-55 


The results of the tests given in Table XXVIII 
difficult to use as a basis for the discussion of the 
the binary system on account of certain discrepancie 
tests No. 3 and No. 7 have substantially the sam 
steam-pressure, superheating and vacuum, and n( 
vapor- pressures in the sulphur-dioxide cylinder 
advantage appears to lie slightly in favor of No. 7 
the latter test is charged with 189 thermal units pi 
per minute, and the former with 176, giving to i 
advantage of about 7 per cent. A comparison 
horse-power per hour gives nearly the same re 
parison of tests No. 2 and No. 4 gives even a 
discrepancy, though the conditions vary more, 
the total power of the latter is much greater. 

If we take 200 thermal units per horse-power p 
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Finally it appears probabl 
binary engiiK' could bo obt; 
compound engine, using su] 
good results miglrt lie expect 
175 pounds gauge pressuri* v 
already i)een called to the f 
but little with highly superl 
unn(x;cHsary and illogical. 


CHAPTER XIII. 


FRICTION OF KNOINES. 

^HE efficiency and economy of steam-engines i 
ed on the indicated horse-power, because tha 
nitc quantity that may be readily determir 
er hand, it is usually difficult and sometimes 
K.C a satisfactory determination of the power actu 
the engine. A common way of determining t‘ 
led by friction in the engine itself is to disconnec 
or other gear for transmitting power from th 
place a friction- brake on the main shaft; the po^ 
hen determined by aid of indicators, and the po 
Treasured by the brake, the difTercnce l)eing th 
ned by friction. Such a determination for a 
olves much trouble and expense, and may be i; 
cc the engine-friction may depend largely on 
nsmitting power from the engine, especially v 
>cs are used for that ourDose. 
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cent of the indicated horse-po^ 
condition of the engine. The ; 
pump (when connected to the < 
the friction of the engine. It is 
cent of the indicated power of 
air-pump. Independent air-pui 
best speed consume much less 
States naval vessels used only o; 
of the main engines. But as im 
direct-acting steam-pumps, muc] 
pointed out is lost on account ( 
tion of such pumps. 

Mechanical EAhciency. — The 
an engine to the power generated 
efficiency; or it may be taken 2 
indicated power. The mechan 
from 0.85 to 0.95, corresponding 
above. 

The following table gives tl 
number of engines, determined 1 

Table 


initial friction and load frictioi 


pumping- engines, by measuring the work done i 
water. 

Initial Friction and Load Friction. — A part of th< 
an engine, such as the friction of the piston-rings 
stuffing-boxes of piston-rods and valve-rods, may 
to remain constant for all powers. The friction a 
head guides and crank-pins is due mainly to the th 
of the steam- pressure, and will be nearly proportional 
effective pressure. Friction at other places, such 2 
bearings, will be due in part to weight and in pai 
pressure. On the whole, it appears probable that 
may be divided into two parts, of which one is ind 
the load on the engine, and the other is proportional 
The first may be called the initial friction, and the 
load friction. Progressive brake-tests at increasing 
firm this conclusion. 

Table XXX gives the results of tests made by Wa 
ier and Ludwig * to determine the friction of a horizo 
compound engine, with cranks at right angles and 
wheel, grooved for rope-driving, between the c] 
piston-rod of each piston extended through the c} 
and was carried by a cross-head on guides, and the ai 
worked from the high-pressure piston-rod. The cy 
had four plain slide-valves, two for admission and two 
the exhaust- valves had a fixed motion, but the adm 
were moved by a cam so that the cut-off was detern 
governor. 

The main dimensions of the engine were: 

Stroke / 

Diameter: small piston ^ 

lar^e niston " 


f 
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INITIAL FRlcrnON AND LOAD FRUriTON 


brake (numbers <), iH, aiul iu) were irregular 

tain. 

The lirst nini‘ t<‘sts wtTe nuuit* with the tmgine wo 
pound. Tests lo to u) wtua* made with the higli pre? 
der only in aetion and with tH>ndiaLsatioiL the* low pn 
necling-rod beittg <iis(H)nntH*ti*d. Tests 20 to .*() wen^ 
the high [)ressure cylinder in acti(uu without t^ondensa 
The results of iht'st' tests are plotU’d on Fig. t)o 



effective horst* pt)wers for aticissa* and the friction In 
for ordinates. Omitting U*sts with >aimll \umm (foi 
brake ran unsteadily ), it aiipt^tfs fltai eacdi series of I 



INITIAL FRICTION AND LOAD FRICTION 


but at half load (125 horse-power) the indicated hors 
LH.P. = 0.07 X 250 -f 1.07 X 125 = 151, 
and the efficiency is 

125. - 151 = 0.83. 

Table XXXI. 

FRICTION OF CORLISS ENGINE AT CREUSO' 
By F. Delafond, Annates des Mines ^ 1884. 


Condensing with air-pump, tests 1-33. 
Non-condensing without air-pump, tests 34-46. 



Cut-off Frac- 
tion of 
Stroke 

Pressure at 
Cut-off, Kilos 
per Sq. Cm. 

Revolutions 
per Minute. 

Horse-Poi 

Indicated. 

ver — Cheva 

Effective 

I 

0.039 

0,64 

64.0 

27.8 

16.3 

2 

0,044 

2.40 

68.5 

60.0 

37.6 

3 

0.044 

2.90 

65.0 

67.2 

45.2 

4 

0.06s 

4.90 

64.0 

117.0 

88.7 

5 

0.065 

6.20 

61.0 

138.5 

106.3 

6 

0.065 

7. 10 

64.0 

163.2 

129.2 

7 

0.06s 

7.60 

64.0 

185.0 

144.6 

8 

0. 100 

0.16 

58.0 

21.0 

10.6 

Q 

0.106 

I. 55 

60.0 

61.9 

42.3 

10 

0, 100 

2.82 

57-3 

82.7 

61.0 

11 

0.090 

4.80 

58.3 

135.3 

106.7 

12 

0.128 

4.82 

58.3 

154 . 5 

124.8 

13 

0. 142 

0.76 

62.0 

42.3 

28.4 

14 

0.137 

0.71 

60.6 

44.3 

28.7 

IS 

0.132 

2.50 

54.0 

79. S 

59.8 

16 

0.147 

2.60 

61.6 

100.0 

78.2 

17 

o.iSS 

4.6s 

60.0 

177.2 

145.0 

i8 

0. 167 

0.22 

61.0 

40.2 

27.9 

19 

0.197 

2.55 

57.2 

no. 8 

83.3 

20 

0.273 

0.40 

62.3 

50.2 

33.8 

21 

0.264 

1.57 

63.3 

89.1 

6t .8 

22 

0.240 

1.64 

62.0 

87.2 

63.1 

23 

0.245 

3-25 

56.0 

145.0 

116.0 

24 

0.260 

4.76 

58.0 

209.4 

178.0 

25 

0.335 

0.25 

59.0 

47.2 

32.5 

26 

0.339 

1.94 

58.3 

111.7 

90.0 

27 

0.338 

2.97 

61.0 

161.8 

133.0 

28 

I 

0.47 

59.3 

81.3 

67.2 

29 

I 

0.47 

61.0 

80.8 

67.9 

30 

1 

1.60 

61.6 

148.5 

128.4 

31 

1 

2.70 

61 . 5 

216.5 

191.0 

32 

I 

2.70 

6r.s 

215.5 

191.0 

33 

0.50 

0.70 

61 . 5 

15.8 

0.0 

34 

35 

0.120 

0.106 

8 8 
\Q *4 

60.0 

53.0 

132. 5 
125.0 ■ 

107. 5 

103.0 
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2^2 FRICTU^I 

Tahir XXXI tlu* rt 

tests made uii a (\uiiss eng 
b(>(h with and witlunU a 
pressures and eut td!. Flu' 
on Fig. ()i, and tlioM* witht' 
In b(Jth figures tlu* abst issa* 
the ordinates are tlu* frutit» 
are reprt*sentetl by dtUs; llui 
most reunornit al i ul otf lom 


ill! 



INITIAI. FRUTKiN ANH l.UAU KKICTK 


friction thjin the other tests. Tite tests on this 
clearly that both initial atid load t'rirtion an- alT 
cut-oil and the steam iire.-.siHa', and that friction 
be made at the cut olT whh U the engine is expecti 
soviet'. 



The initial frii tltm was eiK.hl horse power li< 
without condensation. Hut 1*1^. (h shows tha 
with condensittion gave the best economy whet: 
i6o horse pttwer; the fru tion wjis then .<o horse j 
the net horse power was t.to, wiiit h will be t.aken f 
honse-power /’«. ('onsetfnetttly 
fi K I i^^fi 

h Kl I 

♦% LHJ*. I 

In like mitnnrr Fig. cu tin* ^rim. 

c<md<‘riHatbii, for iilKiiit i»oa ii«ti«%i.trd liom* jwiw 
the frirtbn m 20 horHr’j«»w'ri% li»;iviiig iKci fur tin* 



in friction, when developi 
sation it had 20; consequei 

(36 - 

of the indicated power, 
to the high vacuum maint 
Thurston’s Experiments, 
tests on non-condensing e 
with his advice, Professo 
for engines of that type 
load, and that it can, in 
ing the engine without a 


FRICTION OP t 


STRAIGHT-LINE ENGINE, 8 


No. of Boiler- 

Diagram. Pressure. 


niSTRnU‘'rinN hf friction 


lubrication and otluT minor causi*s ratlicr tlian t 
of load. 

Distribution of Friction. As a consi*c{Ucncc‘ of 
in the ])n‘ccdin^ s<‘ction, ih't>ft*SNnr 'rinirston dta 
friction of an tmifmo may !h‘ found by driving : 
e.xtcrnal souna* of |»oua*r, witli t\w engine in sul 
same condition as wluat running as usual, but witho 
cylinder, ami by measuring tlu* |n»\ver rt‘quired l 
aid of a transmission dynamtuneter. Fxtiuuling 
the distribution of friction among llie st‘vt*ral nn 
engine may lie ftmml by diseonnecting the s(*Vi 
one ufttT another, ami measuring the ]H>wt'r rta}ui: 
remaining nuuidiers. 

Tlu' summary of a numln'r of t(*sts of tins sort, 
fessor R, C'arpenter and Mr. lb li. Ih’eston. 
I'abh* XXXin. Prtdiminary ti'sts imdtT noni 
showed that the frittiott of the several tutgines \ 
the same at all hunts ami spetsls. 

The most remarkalile feature in tliis tabli* is 
the main bearings, whit in all t uses is largt% Ixitli 
absolutely. Tin* ttietruimU i»f fritlion ftir the ii 
calculatt‘<l by tin* hirmtda 

is given in 'rable XXX I \b p is the [iressure cm t 
pounds for tlie engines light, and plm tlie mea 
the piston for the engtni*s Uuidtsi; r is tlie circuir 
Inuirings in feet; n is the inimtHU* of revtdution 
and IlJb is the htmse'power retpiired to overeor 





nisTKinmoN of friction 


Tlu' stHoncl and ol)vi<>us lomlusion from Ta!) 
that tlu‘ valve should la* halaiu tul, and that nine- 
friction of an unbalanced slide valve is uniu‘(;essary 
The friction of the piston and pistoUTod is always 
but it varit‘s much with tlie tyjie of the taigiiu*, an 
ences in handling. It is tpiitt* pt^ssible io changi 
power of an tmgiiu* Ijv scn‘wing up the piston-ro< 
too tightly. I'he packing of botli piston and rod 
tighter than is maessary to pr<‘vent pena^ptihlc le 
more likely to be too tight tluin too loose. 



CllA 


isrmwu t‘( 


Rkcknt advaiK rs in tlu' j 
be(‘n found in t!u‘ dt'vt*Iopn 
and of st(‘Uin turbinos; thr b 
Whrn first introduurd tlu* tu 
huslion or onginrs was i 
us(.^ to small si/.os, ftn* whirh < 
anct‘ offset tlir oiist uf fur!, 
horse- powt*r was a Iar|:;i- th^ 
time Mr. Dtnvstm liad 
riti‘ coal and from i'oke in h 
uf 400 hoTst* iHHVt^r were* bir 
as th(‘y fmd hmr t-ylinders if 
tvvicf tluit t»f single a'vliridt 
fuel UM‘d in the [inHiucer w 
the presemt time, gas-engine: 


STIRLING’S ENGINE 


page 39) it was pointed out that to obtain the ma 
ciency all the heat must be added at the highest prac 
perature, and the heat rejected must be given up at 
temperature. The hot-air engine is the only attem 
the example of Carnot’s engine by supplying heat h 
drawing heat from a constant mass of working subs 
An attempt to obtain the diagram of Carnot’s cycle 
an engine would involve the difficulty that the aci 
which the isothermal and adiabatic lines for air cr 
very long and attenuated diagram that could be ot 
by an excessively large working cylinder, with so m 
that the effective power delivered by the engine woulc 
fleant. This is illustrated by Problem 20, page 75. 
this difficulty Stirling invented the economizer or 
which rci)laced the adiabatic lines by vertical lines 
volume, and thus obtained a practical machine, 
engine is still employed, but only for very small pum] 
wdiich are used for domestic purposes, as they are fre 
ger and re(|uire little attention. 

Stirling’s Engine. — This engine was invented ir 
was used with good economy for a few years, and tl 
because the heaters, which took the place of the boiler 
engine, burned out rapidly; the small engines now 
little trouble on this account. It is described 
and its performance given in detail by Rankine 
in his ^^Steam-Engine.” An ideal sketch is 
given by Fig. 63. E is a dis[)laccT piston filled 
with non-conducting material, and working 
freely in an inner cylinder. Between this 
cylinder and an outer one from A to C is 


o^o^o 
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inner is pierceii with lu'hs ! 
(iisi)laml by ilie pluiupT. 
pipe throufitli wliich e<tl<l wat 
has free luintmmu ation 
evliniii'r, an<I lonseipiently 
he packed in the usual man 
In the at tnal ens'ine tin 
there iire twit displacer cylin 
cylinder. 

If we nejdect the aetiun 
cylinder // and the intnnni 
ideal cycle. .SuppuM- the m. 
of the tiirward stroke. an>! 
its cylinder, .so that we iu.i\ 
p;irt of that t ylinder or in t 
Iterattirc 7',. the eotulition . 
by the point D of hie,. (•(. 

ipiicklv 

*K stroke; t 

d\ little iha 

W’' 

I hr .iir : 

■ , \ i 

I* tif I hr tii 


STIRLING’S ENGINE 


stant temperature, as represented by the isothermal 
completing the cycle. 

To construct the diagram drawn by an indicj 
assume that in the clearance of the cylinder H, 1 
eating pipe, and refrigerator there is a volume of ai 
back and forth and changes pressure, but remains a 
ture T^. If we choose, we may also make allowan 
lar volume which remains in the waste spaces at i 
of the displacer cylinder, at a constant temperature 

In Fig. 65, let ABCD represent the cycle of ope 
out any allowance for clearance or waste spaces; 
volume will be that displaced by the displacer pis 
maximum volume is larger by the volume displacec^ 
ing piston. Let the point E represent the maxin 
the same as that at A ; and the united volumes of 
at one end of the working cylinder, of the commu 



of the clearance at the top and bottom of the disp 
and the volume in the refrigerator and regenerate 
of this combined volume will have a constant te 
that the volume at different pressures will be repn 
hyperbola EF. To find the actual diagram A' 
any horizontal line, as sy, cutting the true diagrar 
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as Stirling’s hot-air engine. To avoid de 
cant in the working cylinder Stirling foui 

nect only t' 
displacer cyl 
cylinder, an 
cylinders for 
It has beer 
Fig. 66. mineral oil c; 

the displace: 

hot end also of the displacer cylinder c 
connected with the working cylinders, o: 
Thus each working cylinder is connected 
one displacer cylinder and with the ( 
displacer cylinder. 

The distortion of the diagram Fig. 66 
large clearance and waste space, and f 
the displacer pistons are moved by a crar 
with the working crank. 

A test on the engine mentioned by 1 
Johnson* showed a consumption of i.66 o 
coal per horse-power per hour; but the fi 
large, so that the consumption per brat 
pounds. This engine, like the original S 



STlRl.lNcrS KNCINK 


isothermal expansion, anti IKA and BC take 
the constant volunu* liius t>n ().|. To sh< 

lines are properly drawn, wt- may eonsidta* the etf 


which was dediictHi pagt* (>7, I*'or tin* lit 
BC tile volumes are constant, stt that tin* ecpiati 

or transposing, 

di , r . 

t/9 f,. 

but this las4 expressitm represt'un. tin* tangent of tin* 
tin* axis ami tin* tangent n»tht' ( urvt*. ddds ;i 
(but vvitlt a diminishing ralitO with the temperati 
is constant for a ga^, the angje tli*pends only on tlj 
1\ so that tin* c urve HC is idcanital in tbrm with 1 
and is ntt'rely set cdf further to the right; in c'cntsc 
like IbA' and KY In'twcM/n a pair of ec»ns!anl tem 
are identical c’xc'ept in tlceir positiomi witli regard t< 
. Su])pose now that th-e material of tin* regi*ne 
t(*mpenitun* I\ at tin* hnver end and at the* u] 
that the teniperatnre varies rc'giilarly from Ingtoni 
pose further tliat tin* air wlnm giving lieal to tl 
(or recadving lieat from it i differs from it by only 
able amcnml. 'Then fin* diagram of I‘‘ig. (17 will 
ideal aetion etjrretily, and it is easy to sinnv tltal 



Moreovrr, ilw snuiU anuuiiil 
ZY at tin* tiaapfratun* 7^ 
heat yu‘ltlt*tl ilurinit the tjprni 
so tlait ihm* is no loss oi vt 
mentioned an* n’prestaitt'd In 
It ean he shown tliat oiu* o 
at random^ provhled that llu 
tit'al and set nli further Ut 
importanee enough warra 
In praetua* a regeneraUu' 
t<‘iupera.ture than the air fre 
higher temperature lliaii that 
of air is raiuil. The loss of 
of tile original Stirling engiii 
ten per cent. !i may he pri 
state that regcmeralors ai*e i' 
at the present day, 

Gas-Engines, dlte ihtel 
to transmit heat te^ and fro: 
engines tins ditlieiilly is rer 
air (so that heat is devehspt 
and hy rejeetirig itir licU ga'^^ 
Tile fuel may he illiiminaliiti 
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GAS-ENGINE WITH SEPARATE COl 


engine itself; the second type of engines, 
engine is an example, is the only successful 
time; the other type has some advantages wl: 
development. 

Gas-Engine with Separate Compressor. - 

a compressor, a reservoir, and a working c) 
as a gas-engine a mixture of gas and air is dr; 
compressor, compressed to several atmosphe: 
a receiver. On the way from the receiver to t 
the mixture is ignited and burned so that t] 
volume are much increased. After expansi 
cylinder the spent gases are exhausted at atm( 

The ideal diagram is represented by Fig. 
the supply of the combustible mixture to the 
compressor, DA is the adiabatic compres- 
sion, and AF represents the forcing into 
the receiver. FB represents the supply 
of burning gas to the working cylinder, 
BC represents the expansion, and CE the 
exhaust. In practice this type of engine 
always has a release, represented by GH", b* 
has reduced the pressure of the working subs 
atmosphere. 

This type of engine has been used as an oil- 
the fuel in the form of a film of oil to the a 
compressed. In such case the compressor 
and there is not an explosive mixture in 
Brayton engine when run in this way could bu 
or, after it was started, could burn refined ' 
defect appears to have been incomplete con 
mipnt fnnlinp- of the cvlinrier with carbon. 
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tfinj H‘ra! urr> ('t u'rc*s j u hr i in 
lu*at athlfd frt'tni ,1 tt» H !■- 


anti tht‘ lu'al witl'uirawn !r< 


Init /•,. aii.l />,. 


; , r. I 


TIun diM'li'ssitiit uf iiinal ti 
has \hv atlvaiil;if,r lif rrjihti 
hy a. sinijilr iilral ti|iiaAilaii 
tilit'iiiii y, Ifinv far I hr i»’ 
li'ir |iriiha!ilr atlvanl*i|»r--> m 


CAS-KNtiINK WITH SKl'ARATF. COMl’RESSC 


above Ihf atniospluTc the oduheney is 


\‘- 1.7 i 


yo, 


1 .405 


-- 0.43. 


When the t^ycle is incomplete the expression for tf 
is not so simple, for it is nec'cssary to assume cooling 
volumc‘ from C to If (Fig. 68), and cooling at consti 
from // to D\ so that the heat rejected is 

- /aV \‘ (), (7\ — 7\i)j 
and the elTiciencv het'ornt's 


T,) (. ( 7 ), 7;,) 


7), 7), * • 

For example, let it 1 h^ assumt^d that the pressure 
pounds al)ovi‘ thi' atmosphere, tliat the temperature a 
F., and that tlit* vt>lume at G is threa* times the volun 
First, th(‘ temperatun* at A is 


(A..> 

\p.tJ 


Ta Ta ({)0 ■ A^>o) 

\ 14.7 / 


1 .405 


provided that the tcnutcraturo of the atmosphere is (i 
The temperature at G is 


r. . (Lp , 


and the pressure at 6' is 


pg ’ pi, 


\V,r 


(14.7 + 




.405 


22.4 pc 


so that the temjjeratun' at // is 


3o8 


INTERNAL- 
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Gas-Engines with Compi 
ful gas-engines of the prese 
in the working cylinder, 
end of the cylinder only, 
the cycle, so that there is o 
working at full power. S 
four-cycle engines. Some 
of the cylinder accomplish 
as iwo-cycle engines; they 
tion when single-acting, 
have been made double-ac 
stroke of the piston from 
mixture of gas and air, wh 
at the completion of this n 
the pressure rises very ra 
working stroke, which is 
expel the spent gases. In 
are of equal length, for the 
length, as required for th( 
terbalanced by the mechs 
strokes. 

The most perfect ideal 


GAS-ENGINES WITH COMPRESSION IN T 


and withdrawing heat at constant pressure fr 
with the adiabatic expansion and compressic 
The heat added under this assumption is 

CviTa - Ta), 

and the heat rejected is 

so that the efficiency is 
, ^ (Tg - T,) - c, (T,- T,) „ ^ ^ ^ 
t;. (r. - To) 

If the temperature at A and the pressure 
then it is necessary to make preliminary 
temperatures at D and at B before using eqr 
adiabatic compression from C to D gives 
at D 

r,= r.(fe)' . 

in like manner adiabatic expansion from A 
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provided that the temperatui 


Pa = 104.7 


2500 

9^ 


(2500+ 460^ 


^ = I 


1.405 


lie 

29( 



represented by GC, 


If th 
atmosp' 
shows J 
as in ] 
conside 
heat as 
by wit; 
to can 
G, anc 
stant 
The h( 


c, (T, - : 
and the efficiency is 


GAS-ENGINES WITH COMPRESSION IN THE CY: 


For example, let it be assumed that the expai 
when the pressure becomes 20 pounds above the 
the other conditions being as in the previous examp 

o- 40 ‘; 

r.= (25ooV46o)(ii:^°)^^"= xs^ 
T,= 1536^'^ =650; 

O'^* / 


and 


e = 


1536 - 6c;o H- 1403 (650 - 320) 

2960 — 917 


Though not essential- to the solution of the ex 
interesting to know that the volume at C is 


I 

/22^t I4:.7y^ 

V 14-7 / 


4 + 


times the volume at D, and that the volume at 5 is 



= S + 


times the volume at A, 

When, as in common practice, the p 
four strokes of the piston are of equal 
length, the diagram takes the form shown 
by Fig. 71; the effective cycle may be 
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The lu'Jit applied is 
and the hvai rcjcticd is 

t'l. 

so that the (‘fficicncy is 

^ ('tAfa ' 

Since the expansion and 
th(‘ e(juations 

7' «» *< * 7‘ *?t ■ t 

I t,Vt, < tO a ^ 

but the volumi's at ,*I and I 
at B and C; i’onset|Uently b; 

i 

conse(|uently 

r 

7« 7;i 

and the expression for idTiei 


GA.S-KN<;iNKS WITH C'OMI'KESSION IN THE C 


pounds nlisolutc, or «S,S.4 pouiul.s by the gauge. ' 
effieii'ni'y is therefore not mueh less than the elliriei 
other examples; it is notable that tlu- elheieney 
same as that ealeulated on page ,^07 for an engine 
compression to <)0 pounds by the gauge. For the 
however, the pre.ssure after e.xplosion, which dc 
temperature, may exceed pounds per scpiare i 
The diagrams from engines of this type * rest 


a 



which was takt‘n fnirn an C )hu rngint* in the lah 
Massachnsetts InstituU* Tctiuinlngy, 1 )urii 
stroke, the uressun* in the i'vlindea’ is less than tint’ 
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of 20 to thi‘ inch, and «idi a 
piston; the upl"''- part "t 

apiH-ar in tlu' tutnro, d'h- 

poun.is, and tla- rodiution u 



thn-f and (our pound. l>r 
the inllurnco of tlu' lu-pat 
indi('atf<l liorso powi r will 
'Phi' t^»mprl■«.^ion lino do 
Of in reality from an adiad 
lie expeeled to r»-. eive h. a! 
the tirst part of the i umpn 
durini; the latter pait, 1 
to the ailiahalii htte f*ii a 
for lart;e «uir'ine .; hut in 
are verv ilitfel’ent, for the . 
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COMPOS! 


if' u 

Hydrogen, H 

Jr III 

Methane, CH^ 

Vi 

Carbon monoxide, CO . . . 


Carbon dioxide, CO2 . • . • 

1 \l 

Oxygen, O 

i 111 

Nitrogen, N 


details are given on pag< 
original paper, which ar 
Rich non-caking bitur 
larger proportion of hyc 
In a paper on the use ( 
gives the composition ol 
Scotland, and Germany, 
following table were dei 


COMPOSITIC 


CHARACTKRISTICS OF GASES 


The amounts of oxygen required for the combustion 
volume of any gas can be com[)uted from the foi 
resenting the chemical (dianges accompanying C( 
together with tlie fact that a compound gas occupies tw 
if measurcnl on tlic same volumetric scale as the ( 
gases. Thus two volumes of hydrogen with one 
oxygen unite to form superheated steam as represcnl 
formula 

211 (- ( ) - up, 

and the three volumes after coml)ustion and rcduct 
original temperature are reduced to two volumes; in 
to have the statement hold, the original temperature v 
to be very high, to avoid condensation of the steam i 
liut in tlK‘ application to gas-engines this leads to no 
ience, l)ecaust‘ the gases after combustion remain at a 
ptTature till tlu^y are exhausted, and the laws of ga; 
assumed to hold approximately. A compound gas lik 
<'an l)e comi)Uted as follows: 

Cll, + 40 - CO, "h 2H,0, 
hincx‘ th(‘ ('om{K)und gas methane oc('U|)ies two vol 
reciuires four volumes of oxygen, it is clear that each 
of that gas will demand two cubic feet of oxygen; the to 
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l)Ut iti prac’tii«‘ tiu* piHuluiti 
volumt* aii% that tlu' t i 
in .‘30 vultnnt'>, aiui 1 

contractiun. 

drarly ttu^ nialUT his \ 
pa^t* 3c.)rH as tn tlu* rrtiaiu i* 
whiiii assiHiit* lu'alinft • 
iHjr illiuninatinp: i^^as that a* 
and for prcn'liHaa* f:ds tlu* 
tli'stroy tlu- valtir of thr niii 

Tamperatiire after ISxpIca* 
iaauTrning iht' ihtasiaiii al 
tlu* -di’lrmunation iif thr t« 
(Uirrmiiialitin dittii iitl ho 
tufi^ and till” vrrv stitiii itii*" 
mtirn tianpuralurr i-aii hr it 

A (aunparalivrly sinij4r 1 
explosion ran ht* made froir; 
prrssiun tan lir assuiiu-t! I 
prrfrrt pasrs tall hr* aj»pliri! 
line mrasumt i»n an tirdina 
pressiina h (n ptn.iiitl-^n 
lieralui’r tif thr misrs in tlu- 
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are and remain tlu' sanu* as those of gases at. ordi 
tures, can he taken as a first approximation only. 

In connection with tests im a gas tatgim* (set* p: 
illuminating* gas, Proft*ssor Mtwer makes a careful 
of the temiieraturi' whicli might he developed ir 
of a gas-engine if llie charge were* ciunpletely hur 
conducting twlinder. I'he n'sults only will he 
The composition of tin* gas will found on \n 
which it aj)pears that it was prohahly coal g 
Manchester gtis, and not difftaing vtaw radically 
gas, l)y use of whiili I‘dg. 7.! was obtained. 11 
the end of compn*ssion was (ui pounds hy the ga 
exjdosion was J20 pounds, so that the cavudilions 
different from timst* of Mg. 7.*, exicpt tliat tlu‘ y 
com|)ression lim* is not on tlie taxlinate for measi 
imum pressure, and thta‘efore tlu* parallel {ukaila 
made. 

On the assumpUum of constant sptaafic Iteats Pi 
finds tha,t complete etunlnislion shoithl givt‘ 425c 
conducting cylinder, Imt using Mallard and I 
e(|uation for specific lieats at luglt ttanperatures lu 
Those experimenters reptirl that dissociation of cai 
begins at about 1200 ^ M, and of steam at aiioul 



lime. The actual e: 
for gas, ami for lar 
rc‘[)rest‘ntecl !>}' tlu‘ 

hut a part of this : 
carbon monoxide* am 
may reduce the exiu 
Water-Jackets, 
engines havt* the la 
watt*r"jark(*!s; hirgc* 
with water, and doi 
stufrmgdioxi's i'oede 
engines a.n.* (anded, 
cooling surfact* is | 
cIuimlK*r; the laltt 
formi*r is in part fo 
IVimarily, water j 
and to make luhrica 
{‘ooling devitaes lias I 
many inventams Iiav' 
it is canly a qiiiasiior 
maiti*rdacki‘t. or whe 


KCONOMV AND EFFICIENCY 


and oil-engines have het'n rate<l in pounds of hv 
power i>er hour. M'he variation in tlu‘ find used for 
makes the secondary nudhods less satisfactory than i 
on sleam-consumption, st> that it should he emj>loY 
the calorific capacity of the fuel cannot he d 
estimated. 

Since the heat ecpiivaliaU of a horse [lower is 
units per minute, the actual tlucmal tdliciency of 
combustion engine can lie dett‘rmim‘d hy dividin 
by the thermal units consumed hy the engine pia 
per minute. For example, the tmgine tiNsti'd hy Pn 
used about 170 thermal units jier horse power 
and its thermal tdheimvey was 0.25, using tlu' im: 
power, I'he ratio <»f the cartridgi' space* to the* ^ 

was , so that etiuatiem (187) givc\s in this (“as- 
3.84 

nominal thi*or<‘ti<*al tdlicitmt y ; i onsequiuvtly thi^ 
efficientac^s is tuairly 0.60. 

By a somewhat intritaite method Professor Me; 
the eniciency two ti‘sls on the t'ngine hir whi< 
given on page 350, on the assumptum that eomplel 
occurred in a nona'on<lui"ting c'vlinder. 'Hie ratio 
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heat, be taken as the basis of cor 
the ratio of actual to theoretical efi 
0.253 0.398 = 0.64, or 

If, however, we take his second val 
we have 

0.253 - 5 - 0.297 = 0.85, or c 
Professor Meyer uses these co] 
importance of better knowledge of 
substance in the cylinder of an 
because, if the nominal theoretics 
basis of comparison, there appej 
improvement in the economy of 
second set of computations is tak( 
prospect of improvement. In coi 
the fact that these tests were on a 
only ten brake horse-power. 

In the discussion of efficiency we 
heat-consumption per indicated ] 
because the fluid efficiency (or the 
working substance) should for thi 
confusion with *the friction and 
engine. For the same reason, an 
steam-engine can be determined 
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the indicator piston from rising too high which 
effects of an idle cycle and other features. A po 
expansion t-urve is shown, with oscillations due ti 
suddenly leaving the stop. The exhaust of the s] 



shown by tlu* runv ah, uf!t*r uhit h tlti‘ ongim* tin' 
of air (without Toruprossos it on tlio up[H* 

€ to (I; on tin* roturn stroke^ tin* intiii^atcir follow 
curve from d to e, that tho loop rt'presents work 
engine; finally tlio air is «*)iltatis!<Tk wihlo tin* ind 
the line* re, Ik* explain llie ditlrreiUH* hetwtH*n tlu* 
ab and ce with spt*nt gas and wiili air onl\% it ma,v 1 
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time considerable import 
out spent gas, but it atte 
engines. 

In indicating a gas-en^ 
the negative work of exha 
allowance for the negati 
Fig. 74 should be made f( 
has only a few working c} 
of the negative work ma 
another reason why comp 
power. As can be seen 
mechanical efficiency ma} 
depending mainly on the 
continuous explosions, an 
reduced if explosions are 

Two-cycle engines co 
which supplies the mixtur 
ten pounds above the atm 
pression must be determi 
measurement of the indie; 

Valve-Gear. — The suj 
combustion engine are ; 
least two valves (or the 


STARTING DEVICES 


remaining closed during the compression, exj 
strokes; but very commonly the admission 
and for gas (when the latter are separate) 
trolled, and for very high speeds this action ; 

From what has been said, it will be evid' 
problem of the design of the valve-gear for 
tion engine resembles that for a four- valve 
cially that type of steam-engine valve-geai 
lift- valves. The solution which is most evi( 
monly chosen is some .form of cam-gear; uj 
held shut by springs, and are opened by a 
either directly or through linkages. This c 
iently placed parallel to the axis of the cylin 
the main shaft through bevel-gears; the f( 
the gear in the ratio of one to two, so that t 
one revolution for two revolutions of the 
properly time the four principal operations 
spring closing a valve must be properly d 
give the required pressure to hold the valve 
the proper ‘acceleration so that the valves 
the control of the cam when closing. The 
tion to the cams for the normal action of the 
which facilitate starting the engine. 
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the operations of cha 
formed, whereupon tl 
for very small sizes, t' 
into action, and whii 
piston has completed 
which the charge is p; 
compression is much 
this manner the ignit 
past the dead-point, o 
ward. The disengag 
and there is great dan 

When electric or ot 
hand-power, this met 
large size. 

A very common de^ 
air from a tank at a 
inch. This air is su; 
the engine when nece: 
disconnected tempora 
and is worked like 
way, whereupon the ( 
action is restored. T 
valves controlled bv 1 


GOVKRNINC; AND RKCUJLATINCr 


for controlling the power of an internal-combustic 
by regulating the proportion of air and fuel, (2) 
the amount of air and fuel without changing tt 
(3) by omitting the supidy of fuel during a part of 
delaying ignition. 

(1) Regulation by controlling the supply of fue' 
method for engines working on the Joule or Bray 
compression in a separate ('ylinder, for whit'h a t 
cussion is given on page 305. For tliis eyede thei 
sion, hut the gaseous or liciuid fiud can he hurned < 
sion in any proportion. 

The Brayton engine had a double control foi 
load. In the first place a ball governor shortem 
for the working cylinder wluui tlu‘ speed increase 
of reduction in the load; this had the etT(H‘t of rai 
sure in tin* air reservoir into which tlie air pum[) d 
that pump <leliv(Te<l nearly the same weight of ; 
under all conditions. In the second place, there w 
ment for shortening the stroke of the little oil pi; 
pressure increased; so that indirectly the amoim 
proportioned to the load. A similar elTect was j) 
the engine was designcal to use gas. 

For the Diesel motor, to l)e desrril>ed later, ll 
can he adjusted to tht‘ i>ower demanded for all 
service. 

But for gas-engines it has not been found pract 
trol the engine by regulating the mixture of gas j 
within narrow ranges. This comes from the fact 
or very poor mixtures of gas and air will not expl 
menls at the Massachusetts Institute of Technolc 
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tures should occur befoi 
that even though the ex] 
the beginning of the woi 

The tests on page 35( 
varying from i : 8 to i 
brake horse-power. 

This discussion of tl: 
varying the mixture of j 
for many purposes that i 
a gas-engine. Neverthe^ 
it was tried early. 

( 2 ) The common wa 
vary the supply of the 
There are two ways of i 
charge may be throttled 
lower pressure; in the s( 
closed before the end o 
supply. The eJffect of tl 
the reduction of pressur 
sponding increase in ik 
like that shown by Fig. 
of closing the inlet- valv 
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small ])o\vvr the lu-gativt* \v(»rk ulk* cycles ver 
the hraki‘ economy of the cngiiu*. Now, a sin 
cycle (‘Hgine has only one wta’king stroke in four 
nish betw(a‘n times the work of expulsion, lillin|i 
sion, and vxvn with a very heavy tly wheel will 
larity in spet'd of n‘V(jlution tlial is vtaw ohjertio 
purposes, d'his ditluajlty is vtTv much incri^asc 
is governed by omitting icxphnsions on the hit or ; 

(4) Delaying igiutioit is <»ne (»f tlie favorite w 
the power of automobile engiites on account of i 
it is little us(‘<i for otlier engiiu‘s, and is vt*ry w 
as tluTe is iU)t time for proper comliustitm. 

Ignition. 'Tlu- ignition of the cliargc* tnay 
one of three meth(»<is: ( i > by an electric spark, {.' 
or (3) by compression in a !iot ( !iamlH*r. 

fi ) 'Flu* ehatrie spark may be produeed in o 
— by the make and l>reak tuetluul, or by the juru] 
For tht' Itrst metluHi a movable [ueci* is worked 
(Icr walls, wliit h < losc\s a primary carcniit sonn* t 
lion is tlesirt'd; tlie sliglu elosing spark has no 
proper time the moving meclianlsm lireaks tie 
good spark is makle beuvi-tm t!u* terminals, wl 
with platinum. A t^oil in the circuit intcaisifie.' 
opening spark. I'he sjiark cditaineal by tins ri 
to be betu*r thutt tin* jump spark, but tlu*re is 1 
venience of a moving mecliariism in a cylinder ^ 
high pressure, and the nmlion must l>e ('omr 
piece whicii enters itu’ tyvlinder through a stuflinj 

The jump spark between two plaliruim U*rmii 
kited sfiark- {dug, stTeived through tlie cylinder 
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Tlu* t'in'uit nuiy ttr Ntij 
gt‘iu*ratt*tl hy a ^4lUl!l tlyii 
supplirtl frttm any iunvci 
pliial* ihr taigiiH.' i> usuail; 
1'ht‘ ririH'ii' niiiluHl n| 

!i;sU)ry id iIh* ga'^ nigtiua a 
ntJW trml.s to iHa'ufllr 
uvl I1u’ Inn Ui!«' rnti; 
kept mi inn !y\ a lUifVsri 
lubt* t'urnrs Hill huriatntl. 

turmai upward fi*r 
tiiUi* tin* iiii\fii 

tubr liv a valvr wliii li i 
ihn tubr !ui:h an 
lubn with air drawn in d 
Ikih lKa*ii wtilfiy- ina-d if 
nuihud nni w'iili lift 
it h jta>‘4iig away. 

13^ Igiiiiiiui i»y tiim|iri 
list'd v\i tiiNivrly in tdl ni 
taking atlvaritagi' nf a t lU 
uridrsirablr, dim 


GAS I'RODUCKRS 


same wav. I^rcmalun* explosion in a small e 
started may 1 h‘ an ineonvtmienee, l)ut in a larf 
lead to an aeei(k*nl. 

Gas-Producers. A ^^as produeer is (‘ssent 
which burns coal or other fuel with a. restriete 
that tlu‘ combustitjn is incompU'tt' and the ])rod 
tion are eapabh* of furtlu*r combustion. In it.*- 
gas-producer will deliver a mixluri‘ of carboi 
nitrogen togtilua* with small pt'rcentages of (‘arbo 
and hydrogen. If a propta* proportion of steam 
the air, its decomposition in eontact with the i 
will yield free hydrogtap and the gas will give i! 
when (‘Xploded, atui d(‘vrlop nua’t' powta* in the 

When gas is j>rodueod on a largo scab' in a 
intric*ale d<‘vict‘s may br used to rectify llu‘ p, 
by-produds, whit h are likely ttJ In* so im])ort: 
the methods employt'th 'Flu* nu«t imi>orlari 
the prestan time apptxtrs te^ In* ammtanum st 
used as a ferlili/er, ant! ft>r this reast)n a ctnil h 
has a rt‘latively large pntptulitm of nitn>gei 
station a c(»al tamtaining thrta* pta* vvni of n 
crude ammonium sulptiale that ctnild be sold 
of t!u‘ coal. 'Fills branch <»f clnanu'al taigineer 




OTHER KINDS OF GAS 


cite; those that burn bituminous coal must have 
of dealing with tarry matter. Sometimes this is 
by passing the gas through a sawdust cleaner 
centrifugal extractor is added. Some makers r 
by care in cooling before the gas comes in conts 
Others pass the distillate through the fire, and 
into light gas or burn it; with this in view, some j 
with a down-draught. It is probable that diff^ 
fuel will need different treatments. 

Blast-furnace Gas. — From the composition o; 
gas on page 316, it is evident that it differs fror 
only in that it contains very little hydrogen, an 
like the gas that would be made in a producer w 
steam. During the operation of the furnace tl 
is liable to vary and the gas may become too w( 
this difficulty, it is desirable to mingle the gase 
more furnaces. Since the gas available from i 
be equivalent to 2000 horse-power, it is evident th 
to develop power from that source must be o] 
scale. 

The gas from a blast-furnace is charged with i 
of dust, some of which is metallic oxide, and re 
and the remainder is principally silica and lime 
fine and light. To remove this fine dust the 
passed through a scrubber, which has the additi- 
of cooling the gas. 

Other Kinds of Gas. — Any inflammable gas tl 
nished with sufficient regularity can be used 
power. The gas from coke-ovens is a rich ^ 
producer-gas in its general composition. Natui 
of 90 to 95 per cent of methane (CH4) with a sr 
of hvHmfypn j:jnrl mTrnor<^n anH tr^^r<=‘c: rvf nth^r O’; 
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Gasoline. ■ 11'u* i 

lint\ an* n-atlily va juiri.a-ti 
thr must rratiy iiif.tiis i‘f m 
u{ suvrral Imialrtat liufM* 
havi‘ t.HH*n luiill fta‘ small 
uf gasuliiu* has Inaii liiihli 
t'raft anti ti» auluinutiilrs; 
fur husinuss, uihrr Uuiiy.s 
liun ijf tlu* tayi/JiU's. llir 
tivrly small j.»uUrr llsrd In: 

4'hi’ niiisl Ufa! fValurc' i 
in' t'arhurt*!tn\ ami ihi** < 
UNjnH'ially fur alltnlUnhiir 
siH’tal. 

I'huru an* tlirm lyjirs 
^^.asuliniM-nihitus : ut i1i4»m 
thci.st* that 4u|tiial nn a-> 
<iupumlii]i|.t u.n a-'-im.iiinii 
du|.Haalr4 nii tlirrt l va j »< »ri 
mass uf llir fluid, nr lima 
fauu uf win* i»ati./r; ’.uiiir » 
a ruf^jUlaiinii uf fml liial i 
sup|4ttsh Itaiviiig iiiih' a 
in any rasu llturr mas a 1 1 
ruhltllrd ill thr jirmliitlii 
liuid. 

I1ir iTitirt* rutri'i! lartii 
supfily Iifiiig drawn jsrJ 
lilH* is siijfjilird, am! finii 
murr ur h-ss in |friii«trii 


KKKOSKNK OIL 


A third form of carhurotor is illustrated by 
the gasoline is supplied by a pljR* E to a valve t 
to give good av(‘ragt‘ aetion, Beknv is a fine* c 


the end of a vi'rtieal nnl whieli is 
held up by a light spring; at the 
middle of the spindle is a disk' 
valv(‘ whic'h lit sloosely in a sleevis 
At (Ut are air inlet valves, and at 
A is tlu‘ entranee U> tin* eylindta*. 
During tlu* sudion or lillirig strokt' 
lhesj)indle is drawn d<nvrg opening 
the valve at tin* top (»f tlu* spindh* 
and allowing tin* air tti draw 
gast)lin(* by aspiratitm. Some of 
the hot pnuluets td’ iombtistiou 
from tlie ivxhaust are eireulated 
around tlte aspirating t liamlR’r to 
prevent undue re<lmtion of tern 
])erature, d'his type* of tarburdca* 



works well enougli at nicHlerate 


speeds, Init at very high speeds the irK'rtia 


and disk''Valv(* eanmd l)e overtamu’ rapidly enot 


which is (a>nse(iui‘ntly ihrotth^d, si) tliat thert* is r 



IXTF.RNAI. 

of tliis tiigiiu* .nIujuii in i 
of tlu- t vlincit-r iu*atl and • 

I hr rnrj 
from .1 

liollrd I 
(*ful i-t 
t yliiidrr 
whirii i". 

i nllNri' jllr 

ttir rnidnt* is runiiinyc- ’5’l 
info llus lio! rtid of fill’ va 
with thv !tt»i ,^j»rnf it.iNt". ; 
.stnakr !lit‘ diaritr of ail 
prrssrt! rnlrra fin* vapori.a 
I hr vapori/rr tir.ni ha *^. I «a 
runninit, r!r|Hialifi|,", on f!ir' 
thr hard adhrrrill dr|itr4! 
lirad is jni! on for a m 
govi’rnrd l»y i oivirnlliiii^ ll: 
bypass vatvr an thr f»il -ai|i 
to thr lank. I1ir hit or rn 
vapori/rr Wotlld tirriiiiir fuo 
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regularity of rotativa* vrloeity. 'Fiu* taigine ('ould 
twice us much power for its size as a four wycle er 
certain tests by Mr, ('liuiv, showtal a slightly bet 
than the older type of engine. But the opcTution 
the remnants of the spiuit cluirg(‘ by t!u* fn'sh char| 
of this type is rather delicate, then‘ bt'ing a cluince 
the s])ent chargt‘ will n*main, or that sonu* of the 
will be wastt‘d; it is likely that tlu‘ chargi's mingle^ 
engine experiences both deft‘cts. Kv(‘ntually the ( 
was withdrawn from the marki't* but tlu‘ principles 
two types of tmgines: (i) small gasoline engiiu's for 
other small craft, and (i) large engines built for 1.) 
furnac(‘ gas. 

Gasoline (mgines of small power an<l modiTate n 
have been made (»n llie two cyclt* [aaneiple by v 
cranks and connecting rod in a casing, st) that tlie pii 
as till' c()mpn\ssing pump. On the up stroki‘ a c-l 
and gasoline is drawn into \hv m-ank t ase, and it is 
pressed on th(‘ down strok(\ Tlu're are two sets > 
through the cylimler walls near tin* tmd of tlu‘ dow 
are opened by the piston; tlu‘st' an* on opjjositc* 
cylinder; one set, whi( h is opc*nt‘d slightly earli(*r th 
forms the exhaust p(»rts and the other the inlet ports 
communication witli tlu* crank lase, and theridore 
and gasoline to replace ilu* spent i harg<s A l)arri 
the cylinderdtea<l whicdi pn^vents tin* fn*sh Oiargi* 
directly across fnnn the inlet to t!u* exliaust, tmt ne\ 
action is proliably much inferior to that of t'lerk'S c 
had the charge supplied at the cylinder head. 'Fhes 
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engines have been introducec 
Two German engineering fn 
especially for burning blast-i 
as 1500 horse-power in a sinj 

The Korting engine (bu 
Company) is a double-actin 
as long as the stroke of the ( 
of the cylinder is a ring of 
the end of each stroke, an 
one end of the cylinder and 
engine-cylinder, and arrange 
driven by one crank (which 
one for compressing air, ai 
of the two pumps are de£ 
burned. 

The air-pump compresses 
phere and delivers air to the ; 
cams at the time when the ] 
controls a bypass-valve v 
pump in communication i 
stroke of that pump, whid 
the first place the compress! 


THE DIESEL MOTOR 


plungers in a long opeiLended c'ylinder; these 
connt'cU^d to (Tanks at uSo^ so that they approi 
from the middle of tlu‘ cylinder simultaneously, 
has a crossdieacl at each end of the cylinder to U 
thrust of the connecting-rod, so that the engine 
great lengtli on a, horizontal foundation. Towai 
end of the cvlindcT tliere is a ring of exhaust-ports 
the inniT (or (Tankauu!) i)isl()n, and toward the ou 
cylinder theia^ is another row uncovered l)y the or 
part of these outer i)orts sup])ly air, and a part gas 
and gas-ports may be controlk'd by annular valve, 
by hand wlun the engine^ ust's blast-furnace gas. 
conditions tlu‘ t‘ngine is rc‘gulatt‘d by a governor, v 
the pumps that sui)ply air and gas. These j)um 
driven from th(‘ outer crossdiead, ha.ve bypass- 
connect tlu‘ two ends and b(*gin to (Udiver o; 
byi)ass valves are shut by the governor, so that 
adju.sted in amount to th(‘ load. Wlum the engir 
gas that has a wi<l(‘ (‘xplosive range, the governor 
annular valves at tlu* gas- ports and variers the mixt 
The Diesel Motor. A new form of internj 
engine was dtrscribed by Rudedf Dicrsel in a8(j3 
away with many of the diniculties 
of gas- and oil engines, and which 
at the sanK‘ time gives a, much 
higher elTudency. T'hi^ (‘ssemtial 
feature of his engine i'onsists in 
the adial)atic compn‘ssion of 
atmospheric air to a sufTicient 
temperature to ignitt‘ tht‘ fuel 
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ger. Atmospheric air is drawr 
pressed from J to to a p: 
square inch and a temperature 
is injected in a finely divided 
excess it burns completely at 
by the injection mechanism, 
is petroleum or some other oi 
interrupted, and the remainde 
is an adiabatic expansion. The 
at e and a rejection of the proc 
The cycle has a resemblance 
differs in that the air only is c 
the combustion is accompaniec 
his theoretic discussion of his 
of combustion shall be so regul 
not rise during the injection of 
therefore be very nearly an isot" 
the fuel is added during the o] 
cd, the weight of the material i 
physical properties change, so • 
isothermal. The fact that ther( 


THE DIESEL MOTOR 


rise of tem|)eniture, or ihiit there is any great advj 
a regulation if the temperature is not allowed to ris 

The diagram from an engine of this type is sho’^ 
which ai)pears to show an introduction of fuel : 
or one-seventh of the working stroke. It is prol 
compression and the expansion (after the ccssatii 
supply) are not really adiabatic', though as there i 
dry gas in the cylinder during those operations 
may not l>t‘ large. The sides and heads of the c 
the engines thus far constructed are water™jac’ 
thc‘ ust‘ of siu'h a water-jacket and the consequent 
was one of the* difllculties in the use of interr 
engines that Diesel sought to avoid by controlli 
coml)Ustion. The stalement on page 39 that 
erticiency is attained by adding ht‘at only at the 
peratun* has no applic'ation in this t'ase. The i 
are that h(*at cannot at first be added at a temp 
than that due* to (‘omprc\ssion (about 1000® F.), b 
lion proceeds heat can be added at higher ter 
with greater erticiency. The fuel may be regul 
avoid temperatures at which disscH'ialion has an 
after burning can 1h* avoided. 

The oil used as fuel is injcTted in form of a sp: 
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engines, by the necessity to form a 
discussion of the theoretical efiicienc 
the efficiency increases as the time of i 
In practice the engine shows a slig] 
light loads, due probably to the losj 
water-jacket, which are nearly constc 

In the exposition of the theory of 
that all kinds of fuel, solid, liquid, 2 
in his motor. As yet oil only has bee 
leum or other heavy oil has probabl 
of such oils. It is evident that gas 
of engine; the gas can be compress 
somewhat higher than that in the i 
air is which is used for injecting oil. 
sary to cool the gas after compressio; 
supplied with air. 

There appears to be no insurmoi 
ing powdered solid fuel to this en^ 
ash from such fuel in the cylinder 
to give trouble. Diesel claims that 
(for example, a hundred pounds of 
the ash will be swept out of the cy 

cirtA will nn-t crivp frmiVilp' 


TUK niKSKL MOTOR 


A theoreliail discussion of tin* clficicncy of Ih 
simple engine us represented by Fig. 7 ^ may 1 
considering that heat is added at constant tem] 
to d and that heat is rtjected at constant volun 
bearing in mind that In' and dc r(‘present adiabal 
From ecjuation (75), page the exprcvssioi 
supplied from c to d is, for one pound of workinj^ 


(), ‘ Ap,v, log 






ART, log. 






Thv heat rejecttul at constant volume* is 


(>. 


(7; 7';^ ^^V7V 7’,) 


Since the expansion dr is adiabatic*, 



l)Ut since the (‘omjjression he is also adiabatic*, 



ami consetiuenlly 




KNcnNKS FOR SPECIAL PURPOSES 


The e( [tuition for efficienc'v gives in this case 


V. V. ( /o.:i7i6 

778 X o.j^:i75 X 5,^0 ] — ^ - I 

( \o.07 ( )6/ 


1.40c; X c; 3.22 X .1 480 log^ — l i.-. 

0.0796 


Engines for Special Purposes. - Small engines < 

to give any n‘(|uire(l degret^ of regularity for elect] 
purjKisi's, by giving a suflicitnt weight to the i 
large powtvr th(‘ same object can be attainted by usi 
of (‘vlinders, by making the engine double acting, 
struction of two cycle engines, or by tlu^ coml)inati 
more of (lu‘S(‘ tlevices. 

The four t'yck‘ tatgine has not as yet betn ma 
and even if the complexity of valve-gear for run 
directions couhl be acci‘pted, it apjiears likely t 
starting device would be rec|uired for every reversa 
launches and automobiles is done by aid of a mecli 
ing gear, ext'ept that for some small boats a rever 
is us(‘d. Such gt‘ar for large* ships appears to be 
well as impracticabli*. 

Two cycle engines would not rec(uin* much c‘o 






ECONOMY OF GAS-ENGINES 


(5) Time of ignition. 

(i) The influence of compression is indicated the 
equation (187), page 312, which shows that the effici 
expected to increase progressively with increasing i 
To exhibit this feature and to compare it with the resi 
in practice, the following table has been computed f 
and 7 of Table XXXV, page 350. The composition o 
ating-gas used was similar to that on page 315; 
detailed report of these tests shows little variation in 

Number of tests ... 2 5 

Ratio of compression .4.98 4.59 

Theoretical efficiency , 0.479 0.461 

Thermal efficiency . . 0.270 0.264 

Ratio 0.564 0.573 

Such a comparison is commonly considered to si 
actual efficiency follows the theoretical efliciency, 
being based on the indicated horse-power, and be 
by dividing 42.42 (the equivalent of one horse-pow( 
units per minute) by the thermal units per indicated 
per minute. But if the brake horse-power is taken 
of comparison, as has already been shown to be ] 
appears to be practically no advantage in the higher 
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ECONOMY OF GAS-ENGINES 


eight to one will give the minimum per brake horse-power, 
remainder of the table is less conclusive, but it appears 
that a ratio of eight volumes of illuminating-gas to one v 
of air is projjer, and that for i)ower-gas the ratio should be 
what larger than unity. 

(3) A committee of the Institution of Civil Engineers * 
three gas-engines of varying size, but all having the sam( 
of com[)ression, and tested under the same conditions, 
results that bear on the (jue.stion of size are as follows : 

Brake horse-power 5.2 20.9 52. 

Thermal units per horse-ijower T)er ) 
minute 1 

It is to l)e remarked that the results just (jiioted are rema 
low, but that the composition of the committee and the p 
tions taken, [ilace them beyond cavil. It is somewhat difii 
account for the dilTerence between the results just quotes 
those given in Table XXXV, though j>art of it is due to the 
mechanic'al efficicmcy of the former. This was estimated 
about 0.87, while that of the engine tested by Professor 
was about 0.72; allowance for this difference may be esti 
to reduce the results of the first test in Table XXXV ■ 
thermal units per brake horse-power per minute. This 
trates an inconvenience of using the brake horse-power 



A PRODUCER-GAS PLANT 


development of povi^er by the combination of a Tayloi 
ducer with necessary adjuncts, and a three-cylinder Wes 
gas-engine; a detailed report of the tests is given b; 
Parker, Holmes, and Campbell,* the committee in chj 
The gas-producer had a diameter of 7 feet inside 
lining, and at the bottom was a revolving ash table 
diameter; the blast was furnished by a steam-blower 
from a battery of boilers used for other purposes; t 
made to determine the probable amount of steam tak 
blower, but the variation of steam-pressure acting at t 
during tests made this determination somewhat unsa 
The cost of the steam in coal of the kind used for any 
be estimated closely from boiler-tests made with the sa 
The gas from the producer passed through a coke 
and then through a centrifugal tar-extractor using 
amount of water. From the extractor the gas passe( 
a purifier filled with iron shavings to extract sulphur, 
way to the engine the gas was measured in a meter. 

The engine-cylinders were 19 inches in diameter ai 
inches stroke. At 200 revolutions the engine was rat 
brake horse-power. The engine was belted to a dire 
generator, and the energy was absorbed by a water-rhe 
The results of a test on a bituminous coal from Wes 



354 INTER^ 

Tes:i 

Duration, hours . . . 
Total coal fired in prod 
Coal equivalent of stean 
Coal equivalent of powe 
Total equivalent coal . 
Thermal value of total, 
Total gas (at 62° F. anc 
Thermal value of total \ 
EfiSciency of producer . 
Electrical horse-power . 
Mechanical efficiency, e 
Brake horse-power . . 
Gas per horse-power pe 
Thermal units per horse 
Thermal efficiency of bi 
Coal per brake horse-pc 
Combined thermal effici 

It is interesting to co 
plant with the tests i 
from which the results 

Test at Ch 

Duration hours, . . . 
Coal required by plant, 
Thermal value of Georj 
Heat abstracted from oi 
Efficiency of boiler . . 


ECONOMY OF A DIESEL MOTOR 


correspond to one pound ])er brake horse^power pc 
of a pound per indicaUai horse-power; the rnakei 
power-i)lants are now ready to guarantee a co 
one pound of anthracite ptT l)rake horse-power 
Economy of Oil-Engine. - An engine of tlu‘ tyj) 
page 335 ^vas tested by Messrs, A. E. Russi‘lland 
of the Massachusetts Institute of dVciinology. 
had a diameter of i i.22 incht‘s and a stroke of 15 
220 revolutions per minute dt^velopial ten l)rak(‘ 
the mechanical eiriciency was about 0.72, so that 
power was about 14; tlu‘ cUairaiU'e or charging s]); 
0.44 of the piston <iispla<*emeni. 

With keros(‘ne tlu* best economy was 1.5 poui 
horsc‘“powtT per hour; this kerosiiu* Wi‘iglu‘d 
])er gallon, Hashed at 104^^ K,, and had a caloi 
17,222 thermal units ptT pound. 

The engine* was alst^ testi‘d with a crude d 
comes from iJctroleum after llu* kerostnie, wta'ghin 
per gallon, with a Hash point at F., and hav 
power of DL4*o thermal units pt*r pound; of this 
used 1.3 pounds per brake liorse* power i)er hour. 
The thermal units per horse power p(‘r minute 

'in/t till* !ct ni*i f • fhir* iOTi 
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quently 0.32. At an 
power, the oil-consui 
(344 horse-power) th 
Since oil for lubricj 
together with the fuel 
of this type that erro: 
eating- oil is to be gua 
Distribution of H( 
matter in the discussit 
of the heat, and espe 
work. It cannot be c 
because any heat-engi 
retical cycles, which 
major part of the hea 
The following tab! 
Clerk.* 


Dimension 
of Engine. 


WASTE^HKAT ENGINES 


first (jucstion io l»c dt^tcrminai is the mean ef 
that is (lesirc‘(I or can be olitained. This must 
fuel and its mixture with air, and on the degree 
There does not at’ tlu‘ i)rt‘S(‘nt time appear to 
that will serve as the basis of a working theory 
the mean c*tTet‘ti\'t' pressure (‘ven when thes 
determined. 

It is desirabU', in order that the engine shall li 
compac't, that the m(‘an elTeetive pressure^ shall t) 
engin(‘ers commonly make use of po to loo pound 
pressure; but (lerman enginecTs who liavt^ had 
very large engim‘s for which pre ignition is dange 
content with 6o pounds or k‘ss. 

Waste«heat Engines. -■( )n jiagi^ iKo attentioi 
the fact that the exhaust •<st(*am from a st(ximH‘ 
used for vaporizing some fluid like sulphur di 
thereby tlu‘ ttmiperature range could be (\xten( 
tests (luoted faiU‘d to show tlie advantage that mi 
when this method is ust»d with steam-engines. ! 
from a gas emgint' is Vi‘ry hot, prol)ably looo® I 
there appears to be no reason ‘wliy the* h(‘at slu 
as it could readily be used to form steam in a bo 


nurooses. 



Compressed air i 
energy, and for pi 
pressure, produced b; 
of iron and steel; am 
than that of the 
blowers) are used to 
for producing forced 
be given mainly to th 
production and use < 
ceptible of but little 
be reserved for anotl 
A treatment of the 
involves the discussi 
through pipes, and c 
storage of energy difi 
the compressed air, 


FLUID PISTON-COMPRESSORS 


which receive air at atmospheric pressure, con 
deliver it against a higher pressure. They are sir 
pact, but are wasteful of power on account of frictio 
and are used only for moderate pressures. 

Fan-blowers consist of a number of radial pL 
fixed to a horizontal axis and enclosed in a cas 
axis and the vanes attached to it are rotated at a 1 
is drawn in through openings near the axis and 
centrifugal force into the case, from which it i 
delivery-main or duct. Only low pressures, suital 
tion and forced draught, can be produced in tl 
little has been done in the development of the 
determination of the practical efficiency of fan-bl 
ventilating-fans have their axes parallel to the di 
air-current, and the vanes have a more or less h( 
so that they may force the air by direct pressure 
effect the converse of a windmill, producing ins 
driven by the current of air. They are useful rati 
air than for producing a pressure. 

Fluid Piston- Compressors- — It will be shown : 
of clearance is to diminish the capacity of the cor 
sequently the clearance should be made as smai 

in iriATTir tVtA iirci Kr^c r\-f ort/ 



MOISTURE IN THE CYLINDER 


ing water into tho cylinder, but experience has 
work of conipressi(»n is not much affected l)y : 
only effective way of reducing the work of coi 
use a compound compressor, and to cool the : 
from the first to t!u‘ second cylinder. Three-stn 
are used for very high jiressure,,. It is, howe^ 
air whii'h has lieen compressed to a high pres 
density is more readily (*ooled during comp^x'ssior 

Moisture in the Cylinder. - If water is not ir 
cylinder of an aircompress^'r tlu* moisture in the 
on the hygroscopic* condition of the atmosphere 
the air were saturated with mtasture the alisolut 
live weight of water in tlu‘ cylinder would 1: 
Thus at I', the pressure of saturated sttain 
fourth of a pound per scfuare Invh, and the wing 
foot is about o.oooH of a pound, while tlie weig' 
foot of air is uIkhU o.OtS of a pound. It is pn 
only effect of moisture: in tlu* atmosphere is to 
the exponent of the t‘(|uation (77), page 64. 
sion probably holds wlien tlu* eylinder is cook 
jacket. 

When water is sprayed into tlie cylinder of 



EFFECT OF CLEARANCE 

in which the subscripts refer to the normal proper 
freezing-point and at atmospheric pressure. 

If, instead of the specific volume we use the ’v 
air drawn into the compressor we may readily transfc 
(189) to give the horse- power directly, obtaining 

W -- 1 

H p = \ 

2,^000 {n - i)\\pj \ 

where is the pressure of the atmosphere in pound 
inch, and n is the exponent of the equation repr 
compression curve, which may vary from 1.4 for < 
pressors to 1.2 for fluid piston-compressors. 

Effect of Clearance. — The indicator-diagram 
compressor with clearance may be represented 
The end of the stroke expelling air is at a, 
and the air remaining in the cylinder ex- 
pands from a to d, till the pressure becomes 
equal to the pressure of the atmosphere 
before the next supply of air is drawn in. 

The expansion curve ad may commonly be 
represented by an exponential equation having the 
nent as the compression curve cb, in which case tl 

r<] an yrt T\ n r'+C' n a n i rtr'l-i'i r‘-t-r\r‘ac‘ ‘r/ac’'# 




VOIvUMK OF THE COMPRESSOR CYLINI 


pressor to the placn* where it is to he used The lo 
will he (liseusse(l under the head of the How of air 
it shouhl not he larg(‘, unh‘ss the air is carried a 1 
The loss of teitiperature t'aust\s a contraction of v 
ways: first, tlie volunu‘ of tlu‘ air at a given presst 
as the absolute temperature; st‘cond, the moistu 
(wlu'ther brought in l)y the air or supi)lied in the < 
extH‘ss of that which will saturate the air at the lowaxs 
in the (‘onduit, is condensed. Provision must 
draining off the comlenstal wat(T. The method 
the contraction of volume due to the condensatio 
will he exliihitt'd lat(‘r in tiu* calculation of a specia 

Interchange of Heat. I'he interchanges of 
the air in the cylinder of an air compr(\ssor and th 
cylindt‘r are the con verst* of those taking place iKdY 
and the walls of the cylintler of a steam-engine, : 
less in amtumt. d'he walls of the cylinder are ne 
the inetuning air, nor so warm as iht* air expelled; 
the air riHa^ives heat during admission and the 
compression, and yields lieat during the latter 
pression and during expulsion. The presence ( 
the air increusi*s this etTect. 

Volume of the Compressor Cylinder. — Let 
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COMPOUND COMPRESSOR 


The work of compressing one pound of air fr 
to the pressure f is 




The work of compressing one pound from the 


W^^p'v'- 


^ ^ n-i I 

because the air after compression in the first c] 
to the temperature before it is supplied to the 
and consequently = p^v^. The total work c 


and this becomes a minimum when 




becomes a minimum. Differentiating with re| 
equating the first differential coefficient to zero, 

-hf = V'*.*, . . . 



Three-Stage Compress^ 
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KKICTUJ.N AND IMl'KRKKCTIONJ 


iMluations (-’of)) and (.’07) lead to 

P''^ PJ>" ■ ■ • 

P"‘ P'P, . . . . 

from whicii by i-limination we liavc 

/ . . . 

and _ 

p" ■ ■ ■ 

Sint'C' tiu* is tlu* sanu* at tlir acl 

of thr thnr ('vlindiTs, llu* volumes of the eyli 
inversely pro|HJrtitmal to tlie ahsoluti' pressure's 
As with tlie eonipemnd etunpressors, this nuuh 
a thr<H*^stagt* c*ompn*ssor leads an etpial disti 
l)e(ween the eylimltTs. K(U\ if tlu* values (jf ^ 
ec|uations (210) and f^ii lare introdueed into e 
(204), taking aet-oimt also of tlie etpiatitm f ic)OJ 
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engines; compressors dr: 
to a like extent by fricti 
The following table 
effect of imperfect valv 
as deduced from tests 
had a diameter of 18 in( 

RATIO OF ACTUAL 


Piston speed, 
feet per 
minute . 


80 

160 

200 

240 

280 


This table does not 
nor is the clearance fc 




EFFICIENCY OF COMPRESSION 

would be 

W = - p^vp, 

'^2 

but p{v^ = piVi for an isothermal change, and consf 

W = ppj^ loge 

Px 

Some investigators have taken the work of isot! 
pression, represented by equation (214), as a basis 0: 
for compressors, and have considered its ratio to the 
of compression as the efficiency of compression, 
together into one factor the effect of heating during 
and the effect of imperfect valve-action. 

Professor Riedler * obtained indicator-diagram 
cylinders of a number of air-compressors and drew 
the diagrams which would represent the work 0 
compression, without clearance or valve losses, h 
of the areas of the isothermal and the actual diagri 
arbitrary efficiency of compression just described. 1 
table gives his results : 

ARBITRARY EFFICIENCY OF COMPRESSI 



H V ! ) R AU LU: A I R~COMPRESS( )1 


temperature. The i-ssential ft^atures an* an asp 
ing the water with air, a eolunin ef water to g 
prt'ssun*, and a separator to gather tlu* air from 
compression. The* water is brought to the comi 
stock, tis it would be t(> a water wheel, and below 
away in a tailraet*; tht* penver available is detei 
weight of water llowing and tlu* head in the pel 
tailrace, in tlu* usual n\anm‘r. Below tlu* dam 
vated to a <lepth propt'r to give the n*(iuired 
2.^ fe(‘t depth per pound pressure), and then a < 
vated to provide spate for the st*para,tor. I 
plate- irtm |»ipe or cylinder, down widt h the wj 
l)assing the separator tlu* watc'r ast'entis in the 
away at tlu* tailraci*. 

d'he head of tlu* pipt* is stirroundetl by a \ 
drum into which tlu* pensttK'k leads, st» that ^ 
to the head all round the pt*riplu*ry. 'riu* Itea^ 
of two invt*rtt*d ctudt al irtut titsiings, so fornu 
into which t!u* watt*r thnvs at first ttmtracts ai 
the changes of vehnity being gradual, no ap 
energy ensut*s. At tlu* throat <d' tlu* ink*!, win 
higliest, then* is a partial vaeuurn, and air is i 
numerous small pipes sti that the water is char 
of air. I'lu* upper ctmicul casting can In* set I) 
the supply of water and air. 

As the mingled c'obtmn cd water and airdiu 
the pipe, tlu* air is compri’ssed at apprecialily 
of the water. At tlu* hmvr eiul, tlu* pipt* t*xi»a 
velocity, and tlelivers the air arul water into 
the air gathers in tlu* top of tlie bell, frturi v 
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DRY-AIR PUMP 


Seaton * states that the efficiency of a vert; 
air-pump varies from 0.4 to 0.6, and that of 
horizontal air-pump from 0.3 to 0.5, dependii 
and condition; that is, the volume of air an 
discharged will bear such ratios to the disp 
pump. 

He also gives the following table of ratios o 
pump cylinders to the volume of the engine cyli 
discharging steam into the condenser : 

RATIO OF ENGINE AND AIR-PUMP C 


Description of Pump. 

Description of Engine. 

Single-acting vertical .... 

Jet-condensing, expansion 

ht (( 

Surface- “ “ 

(t tl 

Jet- 

It it 

Surface- “ 

it it 

“ compounc 

Double-acting horizontal . . . 

^t tl 

Jet-condensing, expansion 

Surface- “ “ 

tt It 

I Jet- 

ti tl 

Surface- “ “ 

It tt 

“ “ compound 


Dry-air Pump. — In the recent development ( 
ing, especially for steam-turbines, great emp] 
obtaining a high vacuum. For this purpose tl: 
pump which withdraws air and water from t 
been replaced by a feed-pump which takes wa 
condenser, and a dry-air pump which removes 
is necessarily saturated with moisture at th 
the condenser, and allowance must be made fc 





C'Al.CUl.ATIDN KdR an AIR COMPKI; 


, , ... -ISO'S i ''^s-- .. ‘-I-Hk 
][()0 X X 

45(;.5 { 5i.<) 0.878 


2980 c 


Assuming the air-pump to l)e single-acting 
nected directly to tlu‘ engine which made abo 
per minute, the ciTet'tive displacement of the 
should be 

2980 > (50 X ()o) i.o t'ubic f 


To allow for the effed of tlu* air pump cleara 
of valve action, ami for variation in the tempen 
ing water, this (|uantity may be increased by 50 
The engine had 8i feet for the <liamdtT ar 
stroke of the low pressure piston, so tluit its ( 
nearly 50 cubit* feet; tin* air ptunp liad a diaim 
a strokt* of tuu* fo<)t, so that its displac(*men1 
feet; tin* ratio t)f displacements was about sixtee; 
ancy shows that the conventional method of dt^s 
providers liberal capacity. 

Calculation for an Air Compressor. I a t it 1 ) 
tile dimensions <if an air ( tunprt'ssor to deliver 
air per minute at too pounds per scjuare inch 1 
also the liorse power reciuired to tirive it. 

If it is assumed that the air is forced into 
at the temperature of the atmospliere, and, ft 
is no loss of pr<’ssure falwcTn the compressor 
pipe, eipaation (198) iimling the volume* 
compress(»r will \>v reduceei to 





8 00 


ibn 

14.7 


2841 cu 


If now we allow fna* oer cent ft^r imiMTftrt 



CALCULATION FOR AN AIR COMPRESi 


The calculation has been carried on for a simph 
but there will be a decided advantage in using a coi 
pressor for such work. Such a compressor should 
pressure in the intermediate reservoir 

P' = Vp^pi = ■\/ii4.7X 14.7 = 41.06 po 

The factor for allowing for clearance of the 
cylinder will now be 

I _ = I _ ^ ^ ^ 

m\pj m 100 \ 14.7 / 100 

The loss from imperfect action of the valves an 
of the air as it enters the compressor will be less foi 
than for a simple compressor, but we will here ret 
2464 cubic feet, previously found for the apparen 
the compressor. The volume from which the dime 
compressor will be found will now be 

2464 0.9784 = 2518 cubic feet, 

which with 80 revolutions per minute will give 15. 
for the piston displacement, and 755.5 square ii 
effective piston area, if the stroke is made 3 fee 
Adding 16 inches for the piston-rod, which will b 
pass entirely through the cylinder, will give for th 
the low-pressure cylinder 31! inches. 

Since the pressure p' is a mean proportional be 
p^, the clearance factor for the high-pressure cyl 
the same as that for the low-pressure cylinder, and, a 
are inversely proportional to the pressures p^ and 
pressure piston displacement will be 

(15.74 X 14.7) 41.06 = 5.64 cubic fc 



FRICTION OF AIR IN PIPES 


which last term is obtained by dividing the a: 
by its perimeter. For a cylindrical pipe we ha 

m — IkcP nd id , . 

The expression (215) represents the head of li( 
overcome the resistance of friction in the pipe ’w 
of flow is u feet per second. Such an expression 
be applied to flow of air ^through a pipe when th 
ciable loss of pressure, for the accompanying inc 
necessitates an increase of velocity, whereas the ( 
the velocity as a constant. If, however, we cc 
through an infinitesimal length of pipe, for wh 
may be treated as constant, we may write for 1 
due to friction 

2^ m ‘ * * * 

This loss of head is the vertical distance throu| 
must fall to produce the work expended in ovei 
and the total work thus expended may be founc 
the loss of head by the weight of air flowing tl 
It is convenient to deal with one pound of air, so 
:sion for the loss of head also represents the wor] 

The air flowing through a long pipe soon i 
perature of the pipe and thereafter remains at a ( 
ature, so that our discussion for the resistance oi 
made under the assumption of constant tern 
much simplifies our work, because the intrinsic ' 
remains constant. Again, the work done by t 
ing a given length dl will be equal to the work 
when it leaves that section, because the produci 
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FRICTION OF AIR IN PIPES 


But from equation (221) the velocity at the entrai 
where the pressure is will be 


WRT 

Ap, 


and 


W 

RT ’ 


so that equation (223) may be reduced to 

gA^mR^r RT ’ 


. o. p^~ 

• • ^RTm ~ p^^ * • 

Equation (224) may be solved as follows : 

_ < gRTm p,^ ~ p,^ ) i 

^ I a r • 


P 2 -P^ 


WL 

gRTm ) ' * ’ 


P = P" - P" 

KL p^ 

The first two forms allow us to calculate eithi 
or the loss of pressure; the last form may be us< 
values of K from experiments on the flow through ] 
From experiments made by Riedler and Gut 
fessor Unwin f deduces the following values for S’: 


Diameter of pipe, feet. ^ 

0.492 0.00435 

0.656 0.00393 

0.980 0.00351 




FINAL TEMPERATURE 


Steam was used in it. The full line ab is a hyj)erb 
line ac is the adiabatic line for a gas; both lines are dn 
the intersection of the exi)ansion lines of the two dk 
Power of Compressed-air Engines. — The prol 
effective pressure attained in the cylinder of a cot 
engine, or to be expected in a [)rojected engine, 
may be found in the same manner as is r»iL 
used in (U^signing a steam-engine. In Fig. 

85 tht‘ ex])ansion curve 1 2 and the com- 
pression curve 3 o may l)e assumed to be Ll_ 
adiabatic' lines for a gas represented by 
the equation 

and thc‘ area of the diagram may be found in the usi 
ihert'from the mean elTcTtive pressure ('an be determ 
ing the mean effective prc'ssure, the i)ower of a giva 
size re({uin‘d for a given power may be determii 
The metliod will be illuslratcal later by an example 
Air-Consumption. — The air ('onsiimc'd by a given 
air engine may be cak'ulatcal from the volume, pi 
temjierature at c'ut-olT or release, and the volume, t 
and pressure at compression, in the same way that t 
consumption of a steam-engine is*calculated; l)ut 
the indicatt‘d and ac'tual consumption should be the 
tluTt' is no change of state of the working iluid. 
intrinsic energy of a gas is a function of the temi)c 
the tempcTature will not be ('hanged by loss of pre 
valves and passages, and the air at ('ut»olT will be 
in the supply-pipe, only on account of the chilling 

wrilk thr f'vlinder /‘itirincy whieh nrUio 







MOISTURE IN THE CYLINDER 

the walls of the cylinder of a compressed-air engine 2 
working therein are of the same sort as those taking pla 
the steam and the walls of the cylinder of a steam-e] 
is to say, the walls absorb heat during admission and c( 
if the latter is carried to a considerable degree, and 
during expansion and exhaust. Since the walls of tl 
are never so warm as the entering air nor so cold 
exhausted, the walls may absorb heat during the be 
expansion and yield heat during the beginning of com 

The amount of interchange of heat is much less 
pressed-air engine than in a steam-engine. With a 
expansion the interchanges of heat between dry a: 
walls of the cylinder are insignificant. Moisture 
increases the interchanges in a marked degree, bu 
make them so large that they need be considered i 
calculations. 

Moisture in the Cylinder, — The chief disadvant 
use of moist compressed air — and it is fair to a 
compressed air is nearly if not quite saturated whe 
to the engine — is that the low temperature experie 
the range of pressures is considerable causes the i 
freeze in the cylinder and clog the exhaust-valves, 
cultv mav be overcome in Dart bv making the valves ar 
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CALCULATION FOR A COMPRESSED-AIR EIS 


automatic valve-gear the actual mean effective pi 
be 0.9 of that just calculated, or 38.7 pounds per squ 
For a piston displacement D the engine will de^ 
revolutions per minute 


144 X 38. 7 ^^ X 2 X 130 
33000 


horse-power; 


and conversely to develop 100 horse-power the pist 
ment must be 




100 X 33000 


.,0 V. == I -974 cubic 1 

144 X 38.7 X 2 X 150 

and with a stroke of 2 feet the effective area of the pi 


1.974 X 144 ~ 2 = 142. 1 square inches. 

If the piston-rod is 2 inches in diameter it will hav 
3.14 square inches, so that the mean area’ of the p; 
143.7 square inches, corresponding to a diameter of 
We find, consequently, that an engine developin, 
power under the given conditions will have a diai 
inches and a stroke of 2 feet, provided that it runs 
lutions per minute. 

In order to determine the amount of air used b; 
we must consider that the air caught at compression ii 
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compound compressor is used, then the indicated steam-power 
is 444, and of this 

i8o -f- 444 = 0.40 
will be obtained for doing work. 

If, however, we consider that the power would in any case be 
developed in a steam-engine, and that the transmission system 
should properly include only the compressor-cylinder, the pipe, 
and the compressed-air engine, then our basis of comparison will 
be the indicated power of the compressor-cylinder. For the 
simple compressor we found the horse-power to be 442, which 
gives for the efficiency of transmission 

180 442 = 0.41, 

while the compound compressor demanded only 377 horse- 
power, giving an efficiency of 

180 ^ 377 = 0.48. 

It appeared that the failure to obtain complete compression 
involved a loss of about 13 per cent in the air-consumption. 
It may then be assumed that with complete compression our 
engine could deliver 200 horse-power to the main shaft. In 
that case the efficiency of transmission when a compound com- 
pressor is used may be 0.53. 

Efficiency of Compressed-air Transmission. — The preced- 
ing calculation exhibits the defect of compressed air as a means 
of transmitting power. It is possible that somewhat better 
results may be obtained by a better choice of pressures or pro- 
portions. Professor Unwin estimates that when used on a large 
scale from 0.44 to 0.51 of the indicated steam-power may be 
realized on the main shaft of the compressed-air engine. On 
the other hand, when compressed air is used in small motors, 
and especially in rock-drills and other mining-machinery, much 
less efficiency may be expected. 

Experiments made by M. Graillot * of the Blanzy mines 
showed an efficiency of from 22 to 32 per cent. Experiments 

* Pernolet, VAir Comprimi, pp. 549, 550. 
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used for driving street-cars in New York City, but the particu- 
lars have not been given to the public. 

The calculation for storage of power may be made in much 
the same way as that for the transmission of power; the chief 
difference is due to the fact that the air is reduced in pressure 
by passing it through a reducing-valve on the way from the 
reservoir to the motor. By the theory of perfect gases such 
a reduction of pressure should not cause any change of tem- 
])erature, but the experiments of Joule and Thomson (page 69) 
show that there will be an appreciable, though not an important, 
loss of temperature when there is a large reduction of pressure. 
Thus at 70® F. or 21^.1 C. the loss of temperature for each 100 
inches of mercury will be 

o°.92 X o°.79 C. = il° F. 

V2y4/ 

Now 100 inches of mercury arc equivalent to about 49 pounds 
to the scjuarc inch, so that 100 pounds difference of pressure will 
give about 3 F. reduction of temperature, and 1000 pounds 
difference of pressure will give about 35° F. reduction of tem- 
perature. The last figures arc far beyond the limits of the 
exi)t‘riments, and the results are therefore crude. Again, the air 
in pa.ssing through the reducing-valve and the piping beyond 
will gain heat and consequently show a smaller reduction of tem- 
perature. The whole subject of loss of temperature due to 
throttling is uncertain, and need not be considered in practical 
calculations for air-compressors. 

For an example of the calculation for storage of power let us' 
find the work required to ^tore air at 450 pounds per square 
inch in a reservoir containing 75 cubic feet. Replacing the 
specific volume in equation (213) by the actual volume, we 
have for the work of compression (not allowing for losses and 
imperfections) 

3 X 464.7 X 144 X 75 

® 20520000 foot-pounds. 
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freezing, and T is the absolute temperature of the air. 

A modern three-stage air-compressor can readily give a press- 
ure of 2000 pounds per square inch, and if the above expression 
is assumed to hold approximately for such a reduction in pressure, 
it indicates a cooling of 


0.92 X 


2000 


100 X 0.491 


= 37°-5 C . 


or about 67° F. By a cumulative effect to be described, the air 
may be cooled progressively till it reaches the boiling-point of its 
liquid and then liquefied. Linde’s liquefying apparatus consists 
essentially of an air-compressor, a throttling-orifice, and a heat 
interchange apparatus. 

The air-compressor should be a good three-stage machine 
giving a high pressure. The throttling-orifice may be a small 
hole in a metallic plate. The heat interchange apparatus may 
be made up of a double tube about 400 feet long, the inner tube 
having a diameter of 0.16 and the outer tube a diameter of 0.4 
of an inch; these tubes for convenience are coiled and are then 
thoroughly insulated from heat. The air from the compressor 
is passed through the inner tube to the throttle-orifice and then 
from the reservoir below the orifice, through the space between 
the inner and outer tubes back to the compressor. The cumu- 
lative effect of this action brings the air to the critical temper- 
ature in a comparatively short period, and then liquid air begins 
to accumulate in the reservoir below the orifice, whence it may be 


drawn off. 

The atmospheric air before it is supplied to the condenser 
should be freed from carbon dioxide and moisture, which would 
interfere with the action, and should be cooled by passing it 
through pipes cooled with water and by a freezing mixture. 
The portion of air liquefied must be made up by drawing air from 
the atmosphere, which is, of course, purified and cooled. 

The principal use of liquid air is the commercial production of 
oxygen by fractional distillation ; several plants have been installed 
for this purpose. 
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01 ii ^ 1 , ixn oxpansion-cyiinaer oi smaller 

size, tincl a cc'oler C. It is commonly used to keep the atmos- 
phere in a cold-storage room at a low temperature, and has 
certain advantages for this purpose, especially on shipboard. 
The air from the storage-room comes to the compressor at or 
about freezing-point, is compressed to two or three atmospheres 
and delivered to the cooler, which has the same form as a sur- 
face-condenser, with cooling water entering at e and leaving at /. 
The diai)hragm tnn is intended to improve the circulation of 
the cooling water. From the cooler the air, usually somewhat 
warmer than the atmosphere, goes to the exi)ansion-cylinder B, 



in which it is exiJanded nearly to the pressure of the air and 
cooled lo a low temperature, and then delivered to the storage- 
room. The inlet-valves a, a and the delivery-valves h, h of 
the comi)res8or are moved by the air itself; the ad mission- valves 
c, c and the exhau.st-valves d, d of the expansion-cylinder arc 
like those of a .steam-engine and must be moved by the machine. 
The difference between the work done on the air in the com- 
pressor and that done by the air in the expansion-cylinder, 
together with the friction work of the whole machine, must be 
supplied by a steam-engine or other motor. 

It is customary to provide the compression-cylinder with a 
water-jacket to prevent overheating, and frequently a spray 
of water i.s thrown into the cylinder to reduce the heating and 
the work of compres.sion. Sometimes the cooler C, Fig. 86, 
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cylinder be that at which it leaves be p^\ let the pressure at 
cut-off in the expanding-cylinder be p^ and that of the back- 
pressure in the same be pi] let the temperatures correspond- 
ing to these pressures be and ii, or, reckoned from the 

absolute zero, Tj, T3, and Ti. With proper valve-gear 
and large, short pipes communicating with the cold-chamber 
pi may be assumed to be equal to p^ and equal to the pressure 
in that chamber. Also may be assumed to be the tempera- 
ture maintained in the cold-chamber, and may be taken to 
be the temperature of the air leaving the cooler. With a good 
cut-off mechanism and large passages p^ may be assumed to 
be nearly the same as that of the air supplied to the expanding- 
cylinder. Owing to the resistance to the passage of the air 
through the cooler and the connecting pipes and passages, p^ 
is considerably less than p^ 

It is essential for best action of the machine that the expan- 
sion and compression of the expanding-cylinder shall be complete. 
The compression may be made complete by setting the exhaust- 
valve so that the compression shall raise the pressure in the 
clearance-space to the admission-pressure p^ at the instant 
when the admission- valve opens. The expansion can be made, 
complete only by giving correct proportions to the expanding- 
and compression-cylinders. 

The expansion in the expanding-cylinder may be assumed 
to be adiabatic, so that 

K I 

K 

(231) 

Were the compression also adiabatic the temperature could 
be determined in a similar manner; but the 
air is usually cooled during compression, 
and contains more or less vapor, so that the 
temperature at the end of compression cannot 
F10.87. be determined from the pressure alone, even 
though the equation of the compression curve be known. 
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iiic Qiiierence between the works of compression and expan- 
sion is the net work required for producing refrigeration; conse- 
quently 

W .(237) 

or, replacing M by its value from equation (232), 

(,38) 

The net horse-power required to abstract Q^ thermal units 
per minute is consequently 


= 778Q1 (3 + (4 — 
33000 — U 


• • • {239) 


where is the temperature of the air drawn into the compressor, 
and ^3 is the temperature of the air forced by the compressor into 
the cooler, and /, is the temperature of the air supplied to the 
expanding-cylinder, and ^4 is the temperature of the cold air 
leaving the expanding-cylinder. The gross horse-power devel- 
oped in the steam-engine which drives the refrigerating- machine 
is likely to be half again as much as the net horse-power or even 
larger. The relation of the gross and the net horse-powers for 
any air refrigorating-machine may readily be obtained by indi- 
cating the steam- and air-cylinders, and may serve as a basis for 
calculating other machines. 

The heat carried away by the cooling water is 

Qa (?i + (240) 


If compression and expansion are adiabatic, then 
Qj = Mcj, (/j - /4 + + <4 - - 0 *= ih - K) • (241) 

or, replacing M by its value from equation (232), 



(242) 


If the initial and final temperatures of the cooling water are 
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ti and tjty and if g* and are the corresponding heats of the 
liquid, then the weight of cooling water per minute is 

«■«,-« to-,.) • ■ 

The compressor-cylinder must draw in M pounds of air per 
minute at the pressure and the temperature that is, with 
the specific volume consequently its apparent piston dis- 
placement without clearance will be at N revolutions per minute,, 

_ __ MRT, 

2N 2Np, ‘ * ‘ 
for the characteristic equation gives 

P,v, = RT,. 

Replacing M by its value from equation (232), we have 


(244) 




QiRT, 


2Ncppj^ (/j ii) 


• • (245) 


Since all the air delivered by the compressor must pass through, 
the expanding-cylinder, its apparent piston displacement will be 


= (246) 

If p^, the pressure of the air entering the compression-cylinder 
is equal to pi, that of the air leaving the expanding-cylinder (as 
may be nearly true with large and direct pipes for carrying the 
air to and from the cold-room), equation (246), will reduce to 

(247) 

Both the compressor- and the expanding-cylinder will have 
a clearance, that of the expanding-cylinder being the larger,. 
As is shown on page 363, the piston displacement for an air- 
compressor with a clearance may be obtained by dividing the 
apparent piston displacement by the factor 



/ 


complete, the same factor may be applied to it. For a refriger- 
ating-machinc n may be replaced by k for both cylinders. To 
allow for losses of pressure and for imperfect valve action the 
piston displacements for both compressor- and expanding- 
cylinders must be increased by an amount which must be deter- 
mined by practice; five or ten per cent increase in volume will 
probably suffice. In practice the expansion in the expanding- 
cylinder is seldom complete. A little deficiency at this part 
of the diagram will not have a large effect on the capacity of 
the machine, and will prevent the formation of a loop in the 
indicator-diagram; but a large drop at the release of the expand- 
ing-cylinder will diminish both the capacity and the efficiency 
of the machine. 

The temperature ii and the capacity of the machine may be 
controlled by varying the cut-off of the expanding-cylinder. If 
the cut-off is shortened the pressure will be increased, and 
consequently will be diminished. This will make D^, the 
piston displacement of the expanding-cylinder, smaller. A 
machine should be designed with the proper proportions for its 
full capacity, and then, when running at reduced capacity, the 
expansion in the expanding-cylinder will not be quite complete. 

Calculation for an Air-refrigerating Machine. — Required 
the dimensions and power for an air refrigerating- machine to 
produce an effect equal to the melting of 200 pounds of ice per 
hour. Let the pressure in the cold-chamber be 14.7 pounds per 
square inch and the temperature 32° F. Let the pressure of 
the air delivered by the compressor-cylinder be 39.4 pounds by 
the gauge or 54.1 pounds absolute, and let there be ten pounds 
loss of pressure due to the resistance of the cooler and pipes and 
passages between the compressor- and the expanding-cylinder. 
Let the initial and final temperatures of the cooling water be 
60° F. and 80° F., and let the temperature of the air coming 
from the cooler be 90° F. Let the machine make 60 revolutions 
per minute. 

With adiabatic expansion and compression the temperatures 
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2.33 0.979 2.38 cubic feet. 

If, further, the clearance of the expander-cylinder is 0.05 of 
its piston displacement, the factor for clearance becomes 


J_(44:‘y% 

00 \I4.7/ 


0.963, 


which makes the piston clis[)laccmcnt 

I'.po + 0.963 1.97 cubic feet. 

If now wc allow ten per cent for imperfections, wc will get for 
the dimensions: stroke 2 feet, diameter of the compressor-cylinder 
15^ inches, and diameter of the expanding-cylinder 14 inches. 

Compression Refrigerating-Machlne. — The arrangement of 
a rcfrigcrating-machine using a volatile litiuid and its vapor is 


shown by Fig. 88. The essential parts are the compresaoi A, 
the condenser B, the valve D, and the vaporizer C. The com- 
pressor draws in vapor at a low pressure and temperature, 
compresses it, and delivers it to the condenser, which consists 
of coils of pipe surrounded by cooling water that enters at e and 
leaves at /, The vapor is condensed, and the resulting liquid 
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equation (bo), page 65, giving 


±—1 



This equation may be used because it is equivalent to the 
assumption with regard to entropy on page 121. The value 
of it is i for ammonia and 0.22 for sulphur dioxide as given on 
pages 119 and 124. 

As has already been pointed out, the vapor approaching the 
compressor may be treated as though it were dry and saturated, 
each pound having the total heat The vapor discharged by 

the compressor at the temperature and the pressure will 
have the heat 

(4 - ^1) + H,, 

The heat added to each pound of fluid by the compressor is 
consequently 

^1) ^ 2 ^ 

and an approximate calculation of the horse-power of the com- 
pressor may be made by the equation 

■ n?>M \c„ (4 -t,) +H, - H,\ 

33000 ■ • 50; 

or, substituting for M from equation (249), 

p _ 778<2. ic„ (i, - /,) + -g. - H,\ 

' 33000 {H, -q,) - • • ^" 51 ) 

The power thus calculated must be multiplied by a factor to 
be found by experiment in order to find the actual power of the 
compressor. Allowance must be made for friction to find the 
indicated power of the steam-engine which drives the motor; for 
this purpose it will be sufficient to add ten or fifteen per cent of 
the power of the compressor. 

The heat in the fluid discharged by compressor is equal to 
the sum of the heat brought from the vaporizing-coils and the 
heat-equivalent of the work of the compressor. The heat that 
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must be carried away by the cooling water per minute is co: 
sequently 

Q, = M {H, - q,) + M\c^ {i, - t,) + - if,}; 

Q2= +r^\ (25: 

where is the heat of vaporization at the pressure 
If the cooling water has the initial temperature and the fin 
temperature f and if and are the corresponding heats 
the liquid for water, then the weight of cooling water used p 
minute will be 

Q ~ ^1) "h 


(25 


If the vapor at the beginning of compression can be assume 
to be dry and saturated, then the volume of the piston displac 
ment of a compressor without clearance, and making N strok 
per minute, is 



(25 


To allow for clearance, the volume thus found may be divid 
by the factor 


I — 


m\p^) w’ 


as is explained on page 363. The volume thus found is furtl: 
to be multiplied by a factor to allow for inaccuracies a; 
imperfections. 

The vapors used in compression-machines are liable to 
mingled with air or moisture, and in such case the performar 
of the machine is impaired. To allow for such action the s; 
and power of the machine must be increased in practice abc 
those given by calculation. Proper precautions ought to 
taken to prevent such action from becoming of importance. 

Calculation for a Compression Refrigerating-Machine. — I 
it be required to find the dimensions and power for an ammoi 
refrigerating-machine to produce 2000 pounds of ice per he 
from water at 80^ F, Let the temperature of the brine in t 


De 65 r. Assume inai iiie macmne win nave one auuuie- 
acting compressor, and that it will make 80 revolutions per 
minute. 

The heat of the liquid for water at 80° F. is 48 b.t.u., and the ‘ 
heat of liquefaction of ice is 144, so that the heat which must 
be withdrawn to cool and freeze one pound of water will be 
48 + 144 == 192 B.T.U. 

If we allow 50 per cent loss for radiation, conduction, and 
melting the ice from the freezing-cans, the heat which the machine 
must withdraw for each pound of ice will be about 300 b.t.u.; 
consequently the capacity of the machine will be 
t Qi ^ 2000 X 300 -r 60 10000 B.T.U. per minute. 

The pressures for ammonia corresponding to 15° and 85° F., 
are 42.43 and 165.47 pounds absolute per square inch, so that by 
equation (249) 

r, = r.(^)' .(.s + 460) 

tg = 668 — 460 = 208° F. 

The horse-power of the compressor is 

p _ 778Q1 l^p {h ~ ^1) + ~ ^2]- 

" 33000 (FTj - 3J 

^ 778 X 10000 ^o.5;o836 (208-83) + 556 - 535 i 
33000 (535 - 58) 

If we allow 10 per cent for imperfections, the compressor will 
require 45 horse-power. If, further, 15 per cent is allowed for 
friction, the steam-engine must develop 53 horse-power. 

From equation (248) the weight of ammonia used per minute 

M = Qi (H'j - Cl) = 10000 4- (53s - 58) = 21 pounds; 
and by equation (254) the piston displacement for the com- 
pressor will be 

_ _ 21 X 6.93 _ ^ cubic feet. 

^ N 2 X 80 ^ 

i: 

1 “ 









ammonia. 

Absorption Refrigerating Apparatus. — Fig. 89 gives an 
ideal diagram of a continuous absorption refrigerating appara- 
tus. It consists of the following essential parts: (i) the gen- 
erator jB, containing a concentrated solution of ammonia in 
water, from which the ammonia is driven by heat; (2) the con- 
denser C, consisting of a coil of pipe in a tank, through which 
cold water is circulated; (3) the valve F, for regulating the 
pressures in C and in /; (4) the refrigerator I, consisting of a 
coil of pipe in a tank containing a non-freezing salt solution; 
(5) the absorber A, containing a dilute solution of ammonia, 
in which the vapor of ammonia is absorbed; and (6) the pump 
P for transferring the solution from the bottom of A to the top 
of B; there is also a pipe connecting the bottom of B with the 
top oi A. It is apparent that the condenser and refrigerator 
or vaporizer correspond to the parts B and C of Fig. 88, and 
that the absorber and generator take the place of the compressor. 
The. pipes connecting A and B are arranged to take the most 



concentrated solution from A to B, and to return the solution 
from which the ammonia has been driven, from B ia A. In 
; practice the generator B is placed over a furnace, or is heated 

by a coil of steam-pipe, to drive off the ammonia. Also, arrange- 
I ments are made for transferring heat from the hot liquid flow- 

I ing from 5 to 4 to the cold liquid flowing from A to B. As 







and compression, though neither is complete. No attempt 
was made to measure the amount and temperatures of the cool- 
ing water. 

The data and results of the tests and the calculations are^ 
given in Table XXXVI. 

Table XXXVI. 

TESTS ON BELL-COLEMAN MACHINE. 


I. 

n. 

III. 

6 

1.63 

2.92 

65.05 

61. 2 

63.5 

10.3 

17.5 

19.1 

27.3 

26.8 

27.2 

19.00 

16.6 

19. 1 

— 47.0 

— 47.0 

—• 47*0 

2.263 

2.336 

2.343 

2.239 

2.294 

2.301 

1.900 

1.861 

1.870 

1.869 

1.825 

1.906 

1.592 

1.589 

1.626 

1.615 

X.S 94 

1.624 

85.12 

82.3s 

85.71 

128.85 

118. 55 

126.01 

60, 10 

56.12 

59.46 

3-35 

3.2s 

3.40 

2.82 

2.83 

2.84 

0.53 

0.42 

, o«s6 

1.04 

1.04 

X.04 

0.783 

0.788 

0.764 

0.76s 

0.749 

0.76s 

6. IS 

5-95 

6.03 

8.50 ' 

8.41 

7.91 

0.2744 

0.2764 

0.2750 

0.2716 

0.2742 

0.2730 

0.546 

0.55X 

0.548 

1.33 

1. 31 

1.33 

X. 4 S 

1.44 

1.46 

1. 14 

1. 14 

1.17 

1.20 

r.19 

X.22 

104.65 

104.7 

104.8 

106. r 

106.3 

106.4 

16. 5 

16,0 

16.6 

19.8 

ig .6 

20.6 

0.234 

0.233 

0.238 

0.254 

0.254 

0.255 

0 . 488 

0.487 

0.493 

0.058 

0.064 

0.055 

10.6 

11.6 

10. 0 

0.514 

0.5x9 

0.520 

66.3 

64*5 

66.1 

371 

354 

363 


Number of test 

Duration in hours 

Revolutions per minute 

Temperatures of air, degrees Centi^ade : 

At entrance to compression-cyfinder 

At exit from compression- cylinder 

At entrance to expansion-cylinder 

At exit from expansion-cylinder 

Mean effective pressure, kgs, per sq. cm.; 

Steam-cylinder; head end 

crank end 

Compression-cylinder: head end 

cn^ end 

Expansion- cylinder; head end 

crank end 

Indicated horse-power : 

Steam-cylinder 

Compression-cylinder 

Expansion- cylmder 

Mean pressure during expulsion from compression-cylinder, kgs. 
Mean pressure during admission to expansion- cylinder, kgs. . . 

Difference 

Calculation from compression diagram : 

Absolute pressure at end of stroke, kpjs 

Absolute pressure at opening of admission-valve, kg.; 

Head end 

Crank end 

Volume at admission, per cent of piston displacement : 

Head end 

Crank end 

Weight of air discharged per stroke, kg.: 

Head end 

Crank end 

Weight of air discharged per revolution, kg 

Calculatmn from expansion diagram : 

Absolute pressure at release, kgs. : 

Head end 

Crank end 

Absolute pressure at compression, kgs. : 

Head end 

Crank end ; 

Volume at release, per cent of piston displacement; 

Head end 

Crank end 

Volume at compression, per cent of piston displacement: 

Head end 

Crank end 

Air used per stroke, kg. : 

Head end 

Crank end 

Air used per revolution 

Difference of weights, calculated by compression and expansionj 

diagrams, kg 

In per cent of the forrMr 

Mean weight of air per revolution, kg ‘ j 

Elevation of temperature at constant pressure, degrees Centigrade 
Heat withdrawn per H. P. per hour, calories 
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Table XXXVII. 

TESTS ON REFRIGERATING MACHINES. 
By Professor Schroter. 


Dimensions of the steam 
cylinder. 


Diameter of 
piston, mm. 

Diameter of 
piston-rod, 
mm. 

I Stroke, mm. 

Diameter of 
piston, mm. 

371;25 

55-5 


325 



602 

250 

330 


740 


4^0 

68 

poo 

4^0 


Dimensions of the 
compression cylinder. 


Absolute pressures of vapor, 
kilos, per sq. centimeter. 


I 3 ! 

^ a' 


26. 1 

18. 1 

8.13 

7.87 

2.36 

2.63 


34-5 

25.8 

10.68 

10.41 

2.97 

3.24 

8.8 

pr.2 

52. or 

3.77 

3-22 

0-45 

0.82 

10. 1 

94.5 

61.70 

4. II 

3.50 

0.63 

1.03 

10. 1 

99.2 

66.42 

4.23 

3.62 

0.73 

I. IS 

j 10. II 


75.02 

5. 81 

S.ii 

0.67 

1.06 

1 10.3 


Temperature of 
water or brine 
cooled. 


—4.4 
31-7 —5.9 





—3.1 

11.3 

16.8 

15.2 

— i8.2 

11.3 

25.0 

22.6 

-~io.o 

11.3 

28.2 

25.9 

— 9.7 

11.3 

20,6 

18. 5 

— 6.0s 






1 


the data and results of tests on three refrigerating- machines 
on the Linde system using ammonia, and of a machine on 
Pictet’s system using Pictet’s fluid, all by Professor Schrbter. 
The tests on machines used for making ice were necessarily of 
considerable length, but the tests on machines used for cool- 
ing liquids were of shorter duration. 

The cooling water when measured was gauged on a weir or 
through an orifice. In the tests 3 to 6 on a machine used for 
cooling fresh water the heat withdrawn was determined by 
taking the temperatures of the water cooled, and by gauging 
the flow through an orifice, for which the coefficient of flow was 
determined by direct experiment. The heat withdrawn in 
the tests 7 and 8 was estimated by comparison with the tests 
3 to 6. The net production of ice in the tests i and 2 was deter- 
mined directly; and in the test 2 the loss_ from melting during 
the removal from the moulds was found by direct experiment 
to be 8.45 per cent. By comparison with this the loss by melting 
in the first test was estimated to be 7.7 per cent. The gross 
production of ice in the refrigerator was calculated from the 
net production by aid of these figures. In the tests 9 to 12 on 
the Pictet machine the gross production was determined from 
the weight of water supplied, and the net production from the 
weight of ice withdrawn. 

A separate experiment on the machine used for cooling brine 
gave the following results for the distribution of power: 

Total horse-power 57.1 

Power expended on compressor ’ 19.5 

“ “ “ centrifugal pump 9.8 

“ “ “ water- pump 3.6 


The centrifugal pump was. used for circulating the brine 
through a .system of pipes used for cooling a cellar of a brew- 
ery. The water-pump supplied cooling water to the condenser 
and for other purposes. 
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TESTS ON REFRIGERATING-MACHINES. 

By Professor M. Schroter, Vergleichende Versuche an Kdltemaschinen. 


PLclet macliine. 


Steam-engine : 

Revolutions per minute 
Indicated horse-power . 
Compressor : 

Horse-power 

Mechanical efficiency , . 


centimetre 


centimetre 

Vaporizer : 

Mean temperature of brine, entrance 
Mean temperature of brine, exit . , 

Specific heat per litre 

Initial temperature of brine, entrance 
Initial temperature of brine, exit . . . 
Final tcmixjrature of brine, entrance . 
Final temperature of brine, exit . . . 
Condenser : 


condenser 

Mean temperature of coolmg-water 

jacket 

Initial temperature of condensing-v 
entrance 


Final temperature 
entrance . . . 


of 


Error in heat account, i)er cent 
'Refrlgeratlve effect, calories per 1 
per hour 


Linde machine. 


Steam-engine: 

Revolutions per minute 

Horse-power 

Compressor : 

Horse -power 

Mechanical efficiency. . 


centimetre 


centimetre 

Vaporizer : 

Mean temperature of brine, entrance 
Mean temperature of brine, exit . . 

Specific heat per litre 

Initial temixirature of brine, entrance 
Initial temperature of brine, exit. . . 
Final temperature of brine, entrance , 
Final temperature of biine, exit . . . 
Condenser : 


Mean temperature of cooling- water, exit. 
Initial temperature of water, entrance . 
Initial temperature of water, exit . . , 
Final temperature of water, entrance . 
Final temperature of water, exit .... 
Error In heat account, per cent .... 


per hour 


One vaporizer. 

r I 

11 

HI 

IV 

V 

S 7.0 

21.81 

s6.8 

20.88 

57.1 

18.7s 

57.6 

15-93 

59.3 

27,56 

16.82 

0.771 

16.10 

0.771 

14.26 

0.761 

11.83 

0.743 

22.91 

0.831 

3-09 

3 . 9 t 

3 84 

4.2s 

6.39 

r.47 

r.os 

0.68 

0.17 

i.oS 

6.10 
3'08 

0 . 850 

6.09 

3.03 

6.11 

3 os 

— 1.96 
—4.98 
0.847 
— 2.02 

4.99 
— 2,04 
—4.98 

— 9.92 
— 12.91 

0.84s 

— 9.91 
— 12.91 

— 9.94 

—12.88 

—17.93 

— 20.96 
0.841 
— 18,00 
— 21.00 
— 18.00 
21.00 

— 2.04 
—5. 01 
0.846 

—1.90 
— 5.02 
— 2.05 
—4.96 

p.dS 

9.60 

9.61 

9.68 

9.68 

19 72 

19.70 

19.59 

19.51 

35.18 

is.s 

15-6 

16.8 

16.7 

18.6 

9‘57 
t 10.71 

9.64 

19.72 

9.58 

19*37 

9.68 

19.52 

9*73 

35 *08 

0.67 
t 19.71 
-1-0,6 

9.57 

19.64 
+ 0.6 

9.61 
19*35 
+ 0.4 

9-73 

19.59 

-1.3 

9.7a 
35.01 
+ 8.9 

r 

3507 

2556 

1852 

1075 

1702 






44.9 

xB.14 

il:l 6 

45*1 

17*03 

44.8 

15.70 

45*0 

34.41 

'i-M 6 

15.20 

0.833 

14,31 

0.840 

12.63 

O.80S 
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Q 

9.52 

9.24 

g.oo 
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3.95 

a. 13 

1.56 

3.9s 

6.00 
a 89 
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S *97 
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— S.02 
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—12,94 
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—17.92 
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0.84s 
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2.03 
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9*56 
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19.63 

9 « 5 S 

19.42 

9 -S 4 
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•—1.8 

9.61 

19.84 

9.61 

19.82 

9.60 

19.89 
— 1.9 

9.61 
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9.64 

19,79 

.tit 
2.1 

9.68 

35*33 

9.68 

35-45 

9*65 
35.44 
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4308 

318a 

2336 

1711 
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1 effect than the second test, which has nearly the same brine 

i temperatures. These results are in concordance with the idea 

that a refrigerating- machine is a reversed heat-engine; for a 
heat-engine will have a higher efliciency and will use less heat 
per horse-i)ower when the range of temperatures is increased, 
and per contra, a refrigerating-machinc will be able to transfer 
less heat per horse-i)ower as the range of temperatures is 
increased. 

Tablk XXXIX. 


TKSTS ON AMMONI.A RKI-’RKIKRATINO-MACHINR. 

By Professor J. K. Dknton, Trans. /Im, Sac. Mech, Hn^r.y vol. xii, p. 326. 
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Prea«iira abovo aUnoHpbttrtn por »*»quttr« Jiuih : 

AiYOtionla froiTi citktiiprmtMor<. 




l6i 

i/Vtnii'tinta bfutk-prcMiHuri^ 

a«‘ 

10.07 

H.a 

30.50 

13 

30.87 

14.30 

Baromofct^r, Inclu^a of tn«r«ury,. 

30,01 

Tompisratviro, ilogroos Fabrimlmlt ; 

Brlruq Inlftt, 

Fi . 7 0 

6.37 


' outlot. * 

.iH.Hf) 

38.45 

54.00 
83 . 86 


A 4 

8,^60 
44. bs 

. 14.3 

5 b.b .5 

85. 4 

56.7 

14.7 

46.0” 

85.46 

46.0 

3.0 

outlui 

liilofc. 

54.3 

30.3 

Animonia-vapor, UmvJng briue-tHuk 

antortiig oomprt^iior. 

loavIng’oomproj^Mor. . 


304 


aai 

(faioftlntiHi 


a60 

antarliig corulfm^^r. 

aoo 

aa8i 

I . rdj 
0.«3 

Bririo, povuulrt por iniuuCo, , , , 

043.8 

8p<soi/^fl gravJfcy. 

0.78 

T 4 .b« 


Rpaniflci boiifc. 

0.78 


Aiiunonia, U>n. luir min. by inotro 

16.67 

33.10 

8834 

1 3518 

38.3a 

"iA, 

from oofopronMor ili^plaotnuont. . 


Heat account, h.t.u, per minute ; 

Given to arnrnonUi by brine 

1 A‘)f 6 

71876 

3330 

i 5 »r ’ 3 * 

14647 

oomprcfliitnr, 

arSoo 

atmcmphurii 


»67 

11400 

t d.T 

Total rccclvad by ammonia 

1 7 V 03 

06 s.} 
0056 

Via 

17708 

1 ^0 

Taken from ammonia by condenser. 

1 7343 

0010 

jackeu. 

60K 

656 

9 

406 

9 fa 

atmo^pbero 

iHa 

1803a 

3 

' a 

338 

10106 

e 

Total taken from ammonia.,, 

10816 

18017 

9 

Krror, par cant.. ^ ^ , 


Power, etc. : 

Rcvolutloufi per minute.. 

58.00 

85.0 


tf ‘ s 

57 . 88 

|8.80 

88.6 

Honse-power afceam^eylindar., 

3 1 ' # 

7».7 

54.7 

0.83 

38.43 

107 

X 4 . f 

73.6 

'S:i6 


bS .7 

O.Bt 

74.8 

174 

34 . 1 

7 r . a 

Meebanioal e^ofency . .... 

0.83 

74 . S6 
106 
31,17 

Kefrigerativo aitoct.' 

Tong of ic© (mcHiid) In ^,11 Itoura..,.. 

44.64 

107 

17.37 

B.T.IT, abstracted from brine per borge-power minute . 
Pounds of Jo® (malted) per jrmund of coal 
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Tabic XXXIX gives the data and results of tests made by 
Professor Denton on an ammonia refrigerating-machinc. The 
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Seven Days’ Continuous Test, Sept, 11-18, 1888. 


Average pressures 
above atmosphere's 
in lbs. per sq. in. 1 

Generator 

Steam ’ 

Cooler 

Absorber 

Average tempera- 

tures in Fahren-H 
heit degrees. 

Atmosphere in vicinity of machine .... 
Generator 

Condenser 

Absorber 

r Upper outlet to generator .... 
Heater-| Lower “ “ absorber .... 

llnlet from absorber 

Inlet from generator 

Water returned to main boilers from steam 
coil 

Average range of 
temperatures^ 
Fahr. degrees. 

f Condenser 

Absorber 



Brine circulated per 
hour. 

Cubic feet 

' Pounds 

Cooling capacity of machine in tons of ice per day of 24 hours . 
Steam consumption per hour, to volatilize ammonia, and to 
operate ammonia pump pounds 

British thermal 
units: 

[Eliminated 

( Total per hour 

Of refrigerating effect per pound of steam 

consumption 

^ ( At condenser, per hour .... 

Rejected " • • • • 

r On entering generator 

^ . coil 

Per pound of steam-^ generator 

Consumed by generator per lb. of steam 
condensed 

Condensing water per hour, in pounds 

Equivalent ice production per pound of coal, if one pound of coal 

evaporates ten pounds of steam at boiler 

Calories, refrigerating effect per kilogram of steam consumed . . 

Approximate c 0 i 1 f Condensing coil 

surface in sq. ft. \ Absorber .... * 


150-77 

47.70 

23.69 

23-4 

80 

272 

21.2 

16.16 

S4i 

80 

80 

III 

212 

178 

132 

272 

260 

2Si 

31 

S -13 

1.433 -7 

119.260 
0.800 

40.67 

1,986 

4.1 

481.260 

243 

918,000 

1,116,000 

1,203 

271 

932 

36,000 

17. 1 

135 

870 

350 ■ 
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brine chillett ami shi- nMtlini* w.iu t tj'.wi wrri- riieusitrcd with 
metiTH, which were afiffwartb trsfr*! itruh-r the tonditions of 
the fXjH-rinifnt. 

It is intiresiin}? iitutmjwrr tSu* rrfrijtfr.iiivr eilri ts expressed in 
jRHindis of ill* jKT |H>unil ««f * tMl, thu shi* banii the tompression* 
machine totetl by {*rt»fe?i.st>r Ih-ntan has an ailvania^e of 

Jt.t tj.t 

' ‘ lats -• i(j m r t ent. 

3 .|,t 

Hut this i* really unf.tir to the ttimprmion> 

machine, fur ii» steam eiittifu* is astumol t«i r«juire a ennsump- 
linn of three iHtunds t»f « «*a! per horse power per h«»ur, while the 
caleulation ft»r the absorp!t«»n tn»i» him* is based tm the ajaumptlon 
that a |a>iind t»f nwl t an evaj»«»r.i!e ten |t«Htnds of water; but an 
aulttmatie tumlrnsing engine of the |«iwer tthtmld able 

to run on 30 or 3 ^ jioumls of atram j*er h»»r tr power jn-r hour. 


CHAPTER XVII. 




FLOW OF FLUID.S. 

Thus far the working substance has been assumed to be at 
rest or else its velocity has been considered to be so small that 
its kinetic energy has been neglected; now we are to consider 
thermodynamic operations involving high velocities, so that the 
kinetic energy becomes one of the important elements of the 
problem. These operations arc clearly irrcvcr.siblc and conse- 
quently the first law of thermodynamics only is availalde, and if 
any clement of computation involves reference to eq nations tlial 
were deduced by aid of the second law, care must lie taken 
that such computations are allowable. It is true that all prac- 
tical thermal operations are irreversible for one reason or another; 
for example, the cycle for a steam engine is irreversible, both 
because steam is supplied and exhausted from the cylinder and 
because the cylinder is made of conducting material. But all 
adiabatic operations in cylinders (which serve as the ba.sis of 
theoretical discussions) are properly treated as reversible and all 
the deductions from the second law may be applied to that part 
of the cycle. In particular the limitations of the discussion of 
entropy on page 32 have been observed. 

Three cases of continuous thermal operations have been 
discussed (i) flow through a porou.s plug, (a) the throttling 
calorimeter, (3) friction of air in pipes; to which it may be well 
to return now. In all, the velocity of the fluid has been so small 
that its kinetic energy was neglected; in none of them was any 
reference made to equations deduced by the aid of the second 
law of thermodynamics. Rather curiously, all the operations 
were adiabatic, using the word to mean that no heat was taken 
from or lost to external objects ; in the case of transmission of air 
in pipes, this comes from the natural conditions of the case 

4*3 
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is no heat communicated to or from the fluid the sum of the 
intrinsic energy, external work, and kinetic energy must remain 
constant, so that 

+ + • ■ (255) 

-<S 2g 

this is the fundamental equation for the flow of a fluid. 

If the walls of the pipes arc well insulated there will not be 
much radiation or other external loss even if the pipes have 
considerable length, and in cases that arise in practice that loss 
may properly be neglected. There is likely to be a considerable 
frictional action even if the pipes arc short, and the logical method 
appears to call tor the introduction of frictional terms at this 
place. Such is not the custom, and a substitute will be dis- 
cussed later. 

Usually the velocity in the large cylinder A is small and the 
term depending on it may be neglected. Solving for the term 
depending on the velocity in B and dropping the subscript, 
we have 

F’ 

fSj -h p^v, - .... (256) 

Incompressible Fluids. — There is little if any change of 
volume or of intrinsic energy in a liquid in passing through an 
orifice under pressure, so that the equation of flow becomes in 
this case 

F’ 

— p;)v, (257) 

If the difference of pressure is due to a difference of level or 
head, It, we have 

Pt — Pt “* 

where d is the density, or weight of a unit of volume, and is the 
reciprocal of the specific volume; consequently equation (257) 
reduces to 

~ h, (258) 
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Fig. 91. 
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work of air in the cylinder of a compressed 
^ air motor (Fig. 91), The work of admission 
Pi^iJ ^he work of expansion is by equatioij 
(81), page 65. 




and the work of exhaust is 


K I 

P2'>^2= % 


so that the effective work is 




which is readily reduced to equation (261). 

For the calculation of velocities it is convenient to replace the 
coefficient in equation (261) by since pressures and 
temperatures are readily determined and are usually given, thus 


p 




If the area of the orifice is a, then the volume discharged per 
second is 

aF, 


and the weight discharged per second is 

aV 


w = ' 


when is the specific volume at the lower pressure and is equal 
to 
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pressure .less than twice the atmospheric pressure Fliegner found 
the empirical equation 

w = 0.9644a . . .(266) 

where is the pressure of the atmosphere. 

These equations were found to be justified by a comparison 
with experiments on the flow of air, made by Fliegner himself, 
by Zeuner, and by Weisbach, 

Although these equations were deduced from experiments 
made on the flow of air into the atmosphere, it is probable that 
they may be used for the flow of air from one reservoir into 
a,nother reservoir having a pressure differing from the pressure 
of the atmosphere, 

Fliegner’s Equations for Flow of Air. — Introducing the 
values for g and R in the equations deduced by Fliegner, we have 
the following equations for the French and English systems of 
units : 

French units, 

Pi> 2p^, w = o.39Sa-;^; 

/>j < 2 p„, w = 0.790a 

English units. 

Pt > 2 pa , W = 0.530a : 



P^ < 2pa, W = I.o6oa 

^ 1 

= pressure in reservoir; 
pa = pressure of atmosphere; 

Tj = absolute temperature of air in reservoir (degrees centi- 
grade, French units; degrees Fahrenheit, English units). 
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In thi' Knfjlish Hv-inn p^ ami ar«- iuntmi-. [« r square inch, 
an<i a is tl»‘ nmi ui itu- oriiin- in im lu s, while U' is tht 

lldw (if air ihrtittj'h the uriiu «■ in jimimi . jn-r set (iml. If desired, 
the area may Iw given in ««|iiare feet aiul the iin-sMires in pounds 
cm the square ftmt, as is the liiinmun tunveniiim in thermo- 
dynamit H. 

In the Kreru h system ?*• is the li*«w in kilograms per second, 
The pressures may la- given in kihigrains per square metre 
and the area a in stjuare mrires; or tin- area may !«• given ic 
square t entimefres, and the pressure-, in kilograms on the same 
unit of area. If the pressures are in inilliineires of mercuty, 
multiply by I3.5rj5«i; if in at mo . j. lu te-., rntdiiply by 
Tbeor»tlail Maxima. From a dis* u .-don of the mesm \tdocitj 
of inolri ules of a g.is Mirgm r deduii ". for the nwsimum velocitj 
through iin oriliie 

t* nuiv — ifi.yV/* 




in metrie units. His ratio of |»rr-e)isrr insert«| in eq 


give- 
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Sttlwiiiuting for 1*, and r, from 
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^ +A<r{p^-p^). 

But 

p + Apu = >•; 

y 2 

•■• ^ ^ + ?i - ?, + ^<r (268) 

The last term of the right-hand member is small, and fre- 
quently can be omitted, in which ease the right-hand member is 
the same as the expression for the work done per pound of steam 
in a non-conducting engine, equation (143), page 136, except 
that as in that place the steam is assumed to be initially dry, 
is then unity. The intrinsic energy depends only on the con- 
dition of the steam, and consequently reference to the second 
law of thermodynamics first comes into this discussion with 
the proposal to compute the quality in the orifice by aid of 
the standard equation for entropy 




^£a..L 0 

•^n ' 2 
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the acceptance of this method infers that the flow of steam 
through a nozxle differs from its action in the cylinder of an 
engine in that the work done is applied to increasing tho kinetic 
energy of the steam instead of driving the piston. ^ 

Values of the right-hand member of equation (268) may be 
found in the temperature-entropy table which was computed 
for solving problems of this nature. 

The weight of fluid that will pass through an orifice having 
an area of a square metres or square feet may be calculated by 
the formula 


aV 

aCjMj ■+■ a- 


(268) 


The equations deduced arc applicable to all possible mixtures 
of liquid and vapor, including dry saturated steam and hot 
water. In the first place steam will be condensed in the tube, 
and in the second water will be evaporated. 
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on the flow of steam, and that when the pressure is less than 
that required by the formula the flow can be represented by a 
curve which has for coordinates the ratio of the back pressure 
to the internal pressure and the ratio of the actual discharge to 
that computed by the equation on the preceding page. 

The following values were taken from his curves: 


Ratio of back pressure 
to internal pressure. 

Ratio of actual to computed discharge. 

Converging orifice. 

Orifice in thin plates. 

0-95 

0-45 

0.30 

0.90 

0, 62 

0.42 

0.85 

0-73 

0.51 

0.80 

0.82 

0.58 

0-75 

0.89 

0,64 

0.70 

0.94 

0.69 

0.65 

0.97 

0-73 

0.60 

0.99 

0.77 

0‘55 


0. 80 

0-45 


0.82 

0,40 


0,83 


He further gives a curve for the discharge from a sharp-edged 
orifice from which the third column was taken. 

Flow of Superheated Steam. — Though there is no convenient 
expression for the intrinsic energy of superheated steam, and 
though the general equation (256) cannot be used directly, an 
equation for velocity can be obtained by the addition of a term 
to equation (268) to allow for the heat required to superheat 
one pound of steam, making it read 


■p r 

A — • = I cdt r, + q. — X 
2g • Jh ' 

^ing 

/ 

Jr, 


- • • (269) 

The accompanying equation for fiiidii^ the quality of steam is 

. , .(„o) 

Here i and T are the thermometric and the absolute temper- 
atures of the superheated steam, is the temperature of saturated 
steam at the initial pressure, and the temperature at the final 
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the cone may be one in ten or twelve; this will give for the total 
angle at the apex of the cone s° to 6°; if the entrance to the nozzle 
is not well rounded there will be a notable acceleration of the 
steam approaching the nozzle and this acceleration outside of 
the nozzle appears to diminish the amount of steam that the 
nozzle can deliver. The expansion should preferably be suffi- 
cient to reduce the steam to the pressure into which the nozzle 
delivers; otherwise the acceleration of the steam will continue 
beyond the nozzle, but the steam tends more and more to mingle 
with the adjacent fluid through which it moves, and a poorer 
effect is likely to be obtained. 

If the expansion in the nozzle is not enough to reduce the 
pressure of the steam to (or nearly to) the external pressure into 
which the nozzle delivers, sound waves will be produced and 
there will be irregular action, loss of energy, and a distressing 
noise. On the other hand if the expansion in the nozzle reduces 
the pressure of the steam below the external pressure at the 
exit, sound waves will be set up in the nozzle with added resist- 
ance. This latter condition is likely to be worse than the 
former, an<l if the pressures between which the nozzle acts 
cannot be controlled it should be so designed as to expand 
the steam to a pressure a little higher than that against which 
it is expected to deliver, allowing a little acceleration to occur 
beyond the nozzle. 

Friction Head. — In dealing with a resistance to the flow of 
water through a pipe, such as is caused by a bend or a valve, 
it is customary to assume that the resistance is proportional to 
the square of the velocity and to modify equation (258), page 
425 to read 


h 


YL 



where C is a factor to be obtained experimentally. The term 
containing this factor is sometimes called the head due to the 
resistance or required to overcome the resistance, and the 
equation may be changed to 
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(3) The reaction of steam escaping from a nozzle or* an orifice 
may be measured. 

(4) The jet of steam may be allowed to impinge on a plate 
or curved surface and the imi)ulse may be measured. 

(5) A Pitot tube may be introduced into the jet and the 
pressure in the tube can be measured. 

Of course two or more of the methods may be used at the same 
time with the greater advantage. It will be noted that none of 
the methods alone or in combination can be made to determine 
the velocity of the steam, and that alt determinations of velocity 
equally depend on inference from calculations based on the 
experiments. 

Formerly the weight of steam discharged was considered of 
the greatest importance, as in the design of safety-valves, or in 
the determination of the amount of steam used by auxiliary 
machines during an engine-test. The first method of experi- 
menting was obviously the most ready method of determining 
this matter, and was first applied by Napier in 1869, and on his 
results were based Rankine’s ec|uations. 

Since the development of steam turbines much importance is 
given to determination of steam velocities, though it is probable 
that the determination of areas is still the more important 
method, as on it depends the distribution of work and pressure, 
while a considerable deviation from the best velocity will have 
an unimportant influence on turbine efficiency. The first 
experiments on reaction were by Mr. George Wilson in 1872, 
but as his tests did not include the determination of the weight 
discharged they arc le.ss valuable. 

Buchner’s Experiments. A number of experimenters have 
determined the weight of .steam discharged by nozzles and tubes 
and at the same time measured the pressure in side-orifices at 
one or more places. The moat complete appear to be those of 
Dr. Karl Buchner * on the flow through tubes and nozzles. 
Omitting the tests on tubes and on nozzles with a very small 



* MUMungen F&rschmgsarbHkn i8, p. 47. 
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results. The discharge was also computed by Grashoff’s 
equation on page 432, and the ratio to the actual discharge is 
that set down in the table ; the variation from unity is not greater 
than the probable maximum error. The method of the compu- 
tation of velocities at throat and exit by the experimenter is not 
very clear, but it was made to depend on the equation (268), using 
the proper pressure and the discharge computed by Grashoff’s 
equation. 
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The nozzles 3a and 3^ had tapers of 1 7.3 and i h-P which were 
probably too great, so 4hat they may not have been filled with 
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For a well-rounded nozzle such as is used for an injector having 
a taper of one to six, he found the following results: 

AliHoluto 1'rf.s.surf. CiilfuhUcd Vcloc- 

Initiiil. Tlinmt. Ratio. ity at Tliroat. 

0.606 J407 

■o.S 0.585 144S 

7 .S - 1 ^ 0.550 14,, I 

•KS 0.546 1504 

Stodola’s Experiments. — In his work on Sleam Turbines, 
Professor .Stodola gives the results of tests made by himself on the 
Jlow of steam through a nozzle, htiving the following projtortions: 
diameter at throat 0.494, diameter at exit 1.45, and length from 
throat to exit 6.07, all in inches. 'I'he nozzle had the form of a 
straight cone with a small rounding at the i-ntrance; the taiter was 
1 :6.37. Four side orifices Jind also a searching-tube were used to 
measure the pressure at intervals along the nozzle; the searching- 
tube was a bra.ss tube 0.2 of an inch external diameter closed at 
the end and with a small side orillce. This orifice was properly 
bored at right angles; two other tubes with orifices inclined, 
one 45° against the stream and one 45“ down stream, gave results 
that were too large and two small by about equal amounts. 

Stodola made calculations with three assumptions (i) with no 
frictional action, (2) with ten percent for the value of y, and (3) 
with twenty per cent; comparing curves obtained in this way for 
the distribution of pressures with those formed by experiments, 
he concludes that the value of y for this nozzle was fifteen jier cent. 

Rosenhain’s Experiments. — The most recent and notable 
experiments on flow of steam with measurement of reactions 
were made at Cambridge by Mr. Walter Rosenhain.* Steam 
was brought from a boiler through a vertical piece of cycle- 
tubing to a chamber which carried the orifices and nozzles at its 
sick; the reaction was counteracted by a wire that was attached 
to the chamber pa.s8ed over an antifriction pulley to a scale 
pan, to which the proper weight could be added. Afterwards 
he determined the di.scharge by collecting and weighing steam 

* Pw. C’m vt>l. rxl, p, tt)g, 
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a direct calculation cannot be made, but a curve can readily be 
determined from which the pressure can be interpolated. The 
velocities corresponding to these pressures have been taken from 
Rosenhain’s curves and the velocities were calculated also by the 
adiabatic method. Since the diagrams in the Proceedings are to 
a small scale the deduction of pressures from them cannot be very 
satisfactory, but the results are probably not far wrong. The 
table on page 442 gives the coefi&cient of friction obtained by 
this method. 

Lewicki’s Experiments. — These experiments were made by 
allowing the jet of steam to impinge on a plate at right angles 
to the stream, and measuring the force required to hold the plate 
in place; from this impulse the velocity may be determined. 
It was found necessary to determine by trial the distance at 
which the greatest effort was produced. One of his nozzles had 
for the least diameter 0.237 and for the greatest diameter 0.395 
of an inch or a ratio of 1.28, which is proper for a pressure of 80 
pounds per square inch absolute. His experiments gave the 
following results as presented by Buchner: 

Steam pressure 77 99 108 

Ratio of computed and ) ^ ^ 

expt. velocities \ °- 9 SS 

Coefficient of friction . . . . 0.08 0.08 0.09 

These experiments like those for reaction are liable to be vitiated 
by expansion and acceleration of the steam beyond the orifice. 

Pressure in the Throat. — Some of the tests by Buchner show 
rather a low pressure in the throat of the nozzle, but in general 
tests on the flow of steam show a pressure in the throat about 
equal to 0.58 of the initial pressure provided that the back pres- 
sure has less than ratio 3/5 to the initial pressure; this corresponds 
with Fliegner’s results and should be expected from his com- 
parison with molecular velocity on page 430. The following 
table gives results of tests made by Mr. W. H. Kunhardt * in 
the laboratories of the Massachusetts Institute of Technology: 

The excess of the throat pressure above 0.58 of .the initial 


* Transaciions Am. Soc. Mech. Engs.y vol. xi, p. 187. 
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The quantities just obtained arc the amounts of heat that 
would be available for producing velocity if the action were 
adiabatic. In order to find the probable velocity allowing for 
friction, they should be multiplied by i — y, where y the coeffi- 
cient for friction may be taken as 0.15 for the determination of 
the exit velocity Fj. As for the throat velocity, there are two 
considerations, the frictional effect is small because the throat is 
near the entrance, and all experiments indicate that orifices and 
nozzles which are not unduly long deliver the full amount of 
steam that the adiabatic theory indicates; therefore we may 
make the calculation for that part of the nozzle by the adiabatic 
method. The available heats for producing velocity may there- 
fore be taken as 

43.4 and (i — 0.15) 288.5 — 245, 
and the velocities are therefore (see page 436) 

Fj =» V64.4 X 778 X 43.4 =“ 1480. 

F, =»= ^64.4 X 778 X 245 - 3500. 

The quality of steam in the throat is 

sc, »/, -5- r, “ 855.1 885.9 -■ 0.967. 

To find the (juality of steam at the exit we may consider that 
if is the actual quality allowing for the effect of friction we 
have 

- 245 

- (855*9 + 337-7 - 245 - + 1026 - 0.833, 

Though not necessary for the solution of the problem it is 
interesting to notice that adiabatic expansion to the exit pressure 
would give for 

+■ r, 810.8 H- 1026 — 0.790. 

Now 500 pounds of steam an hour gives 
500 -4- 60* 0.139 
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CHAPTER XVIIL 
INJECTORS. 

An injector is an instrument by means of which a jet of steam 
acting on a stream of water with which it mingles, and by which 
it is condensed, can impart to the resultant jet of water a sufl&cient 
velocity to overcome a pressure that may be equal to or greater 
than the initial pressure of the steam. Thus, steam from a 
boiler may force feed-water into the same boiler, or into a boiler 
having a higher pressure. The mechanical energy of the jet of 
water is derived from the heat energy yielded by the condensation 
of the steam-jet. There is no reason why an injector cannot be 
made to work with any volatile liquid and its vapor, if occasion 
may arise for doing so; but in practice it is used only for forcing 
water. An essential feature in the action of an injector is the 
condensation of the steam by the water forced; other instruments 
using jets without condensation, like the water-ejector in which 
a small stream at high velocity forces a large stream with a low 
velocity, differ essentially from the steam-injector. 

Method of Working. — A very simple form of injector is shown 
by Fig. 91, consisting of three essential parts; a, the steam-nozzle, 
b, the combining- tube, and c, the delivery-tube. Steam is supplied 
to the injector through a pipe connected at d; water is supplied 
through a pipe at /, and the injector forces water out through the 
pipe at e. The steam-pipe must have on it a valve for starting 
and regulating the injector, and the delivery-pipe leading to the 
boiler must have on it a check- valve to prevent water from the 
boiler from flowing back through the injector when it is not 
working. The water-supply pipe commonly has a valve for 
regulating the flow of water into the injector. 

This injector, known as a non-lifting injector, has the water- 
reservoir set high enough so that water will flow into the injector 
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The heat energy in one pound of steam at the absolute pressure 
in the steam-pipe is 

j + til). 

where and q^ are the heat of vaporization and heat of the liquid 

corresponding to the pressure p^-,^ is the mechanical equivalent 

of heat (778 foot-pounds), and is the quality of the steam; if 
there is two per cent of moisture in the steam, then is 0.98. 

Suppose that the water entering the injector has the tempera- 
ture ^3, and that its velocity where it mingles with the steam is VJ ; 
then its heat energy per pound is 

and its kinetic energy is 

V 

* w 

where is the heat of the liquid at /g, and g is the acceleration 
due to gravity (32.2 feet). 

If the water forced by the injector has the temperature ^4, and 
if the velocity of the water in the smallest section of the delivery- 
tube is then the heat energy per pound is 

and the kinetic energy is 

V 3 

10 

Let each pound of steam draw into the injector y pounds of 
water; then, since the steam is condensed and forced through 
the delivery-tube with the water, there will be i 4- y pounds 
delivered for each pound of steam. Equating the sum of the 
heat and kinetic energies of the entering steam and water to the 
sum of the energies in the water forced from the injector, we 
have 

7 (*x»'l + ?.)+>' (7 + “)= (I + y) (7 (269) 
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For practical purposes wo may calculate the weight of water 
delivered per pound of steam by the equation 


This equation may be applied to any injector including double 
injectors with two steam-nozzles. 

The discussion just given shows that of the heat supplied to 
an injector only a very small part, usually less than one per cent, 
is changed into work. When used for feeding a boiler, or for 
similar purposes, this is of no consequence, because the heat 
not changed into work is returned to the boiler and there is no 
loss. 

For example, if dry steam is sup|)lied to the injector at 120 
pounds by the gauge or 134,7 pounds alwolule, if the supi>ly- 
temperature of the water is 65° K., and if the delivery-tem[)erature 
is 165° F., then the water [)um|»ed per pound of steam is 


1- ... «f’7-S. + 32b-l . 

I* - M.M 


10.5 pounds. 


From the conservation of energy we have been able to devise 
an equation for the weight of water delivered per pound of 
steam; from the conservation of momenta we can find the relation 
of the velocities. 

The momentum of one f)ound of steam i.ssuing from the steam- 
nozzle with the velocity V, is V, + g; the momentum of y 
pounds of water entering the combining-tube with the velocity 
is yVJ g: and the momentum of i + y pounds of water 
at the smallest section of the delivery-tube is (r + y) + g. 
Equating the sum of the momenta of water and steam before 
mingling to the momentum of the combined water and steam 
in the delivery- tube, 

V. + yVJ (i + y) V„ (270) 

This e([uation can be used to calculate any one of the velocities 
provided the other two can be determined independently. Unfor- 
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sized by Rosenhain’s experiments, the steam will expand and 
gain velocity beyond the nozzle, if it escapes at a pressure higher 
than the back-pressure. For an injector this last action is 
influenced by the fact that the jet from the steam-nozzle mingles 
with water and is rapidly condensed. Some injector makers 
use larger tapers than those recommended in the preceding 
chapter for expanding nozzles. The throat pressure may be 
assumed to be about 0.6 of the initial pressure; with the informa- 
tion in hand it is probably not worth while to try to make any 
allowance for friction. 

The calculation of the area at the throat of a steam nozzle by 
the adiabatic method will be found fairly satisfactory; the calcu- 
lation of the final velocity of the steam will imobably not be 
satisfactory, as complete expansion in the nozzle seldom takes 
place, but it is easy to show that the velocity is sufficient to 
account for the action of the instrument. 

For example^ the velocity in the throat of a nozzle under the 
pressure of 120 pounds by the gauge or 134.7 pounds absolute is 

F,- I {x,r^ - + !?, - ?3) I ^ 

{a X 32.2 X 778 (867.5 — 0.967X894.6 +321.1 — 282^7)1* 

>- 1430 feet per second, 

having for 

(1.0719 + 0.5032 - 0.4546) 

■= 0.967, 

provided that =» 0.6/), =» 80.8 pounds absoiute. 

If, however, the pressure at the exit of an expanded nozzie is 
14.7 pounds absolute, then 


X, 


1.4390 


(1.0719 + 0.5032 - 0.3125) =0.877, 


and 

F,= J2X 32.2X778 (867.5-0.8775X966.3 + 321.1-180.3)!* 
— 2830 feet per second, 
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V2 X 32.2 X 5 = 18 feet. 

It cannot be far from the truth to assume that the velocity of 
the water entering the combining-tube is between 20 and 40 
feet per second. 

Velocity in the Delivery-tube. — The velocity of the water in 
the smallest section of the delivery- tube may be estimated in two 
ways; in the first place it must be greater than the velocity of 
cold water flowing out under the pressure in the boiler, and in the 
second place it may be calculated by aid of equation (271), 
provided that the velocities of the entering steam and water are 
determined or assumed. 

For example^ let it be assumed that the pressure of the steam 
in the boiler is 120 pounds by the gauge, and that, as calculated 
on page 451, each pound of steam delivers 10.5 pounds of water 
from the reservoir to the boiler. As there is a good vacuum in 
the injector we may assume that the pressure to be overcome is 
132 pounds per square inch, corresponding to a head of 


132 X 144 _ 

62.4 


305 feet. 


Now the velocity of water flowing under the head of 305 feet is 


w 2gh = V 2 X 32.2 X 305 = 140 feet per second. 

The velocity of steam flowing from a pressure of 120 pounds* 
by the gauge through a diverging-tube with the pressure equal 
to that of the atmosphere at the exit has been calculated to be 
2830 feet per second. Assuming the velocity of the water enter- 
ing the combining-tube to be 20 feet, then by equation (271) 
we have in this case ® 

y, _ n+jlt _ =83° + X 20 _ 

I 4- y I 4 - 10.5 

this velocity is sufficient to overcome a pressure of about 470 
pounds per square inch if no allowance is made for friction or 
losses. 

Sizes of the Orifices. — From direct experiments on injectors as 
well as from the discussion in the previous chapter, it appears 
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In trying to determine the size of the orifice in the delivery- 
tube we meet with two serious difficulties: we do not know the 
velocity of the stream in the smallest section of the delivery- 
tube, and we do not know the condition of the fluid at that place. 
It has been assumed that the steam is entirely condensed by 
the water in the combining-tube before reaching the delivery- 
tube, but there may be small bubbles of uncondensed steam still 
mingled with the water, so that the probable density of the 
heterogeneous mixture may be less than that of water. Since 
the pressure at the entrance to the delivery-tube is small, the 
specific volume of the steam is very large, and a fraction of a 
per cent of steam is enough to reduce the density of the steam 
to one-half. Even if the steam is entirely condensed, the air 
carried by the water from the reservoir is enough to sensibly 
reduce the density at the low pressure (or vacuum) found at the 
entrance tti the delivery-tube. 

If is the probable velocity of the jet at the smallest .section 
of the delivery- tube, and if d is the density of the fluid, then the 
area of the orifice in .square feet is 


t 




css 


w (i -f v) 

vjy 




(274) 


for each pound of steam mingles with and is condensed by y 
pounds of water and passes with that water through the delivery- 
tube; w, as before, is the number of pounds of water drawn from 
the reservoir per second. 

For example, let it be a-ssumed that the actual velocity in the 
delivery-tulie to overcome a boiler- pressure of 120 pounds by the 
gauge is 150 feet jicr .second, and that the density of the jet is 
about 0.9 that of water; then with the value of re 2.78 and y •=* 
10.5, we have 


2.78 X 


The corresponding diameter is 0.257 of an inch, or 6.5 milli- 
metres. If this calculation were made with the velocity 266 
fcomputed for expansion to atmospheric pressure) and with 
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clear water the diameter would be only 0.183 of an inch; this i 
to be considered rather as a theoretic minimum than as a prac 
tical dimension. 

Steam-nozzle. — The entrance to the steam-nozzle should bi 
well rounded to avoid eddies or reduction of pressure as th 
steam approaches; in some injectors, as the Sellers’ injectoi 
Fig. 92, the valve controlling the steam supply is placed nea 
the entrance to the nozzle, but the bevelled valve-seat will no 
interfere with the flow when the valve is open. 

It has already been pointed out that the steam-nozzle ma; 
advantageously be made to expand or flare from the smalles 
section to the exit. The length from that section to the end ma; 
be between two and three times the diameter at that section. 

Consider the case of a steam-nozzle supplied with steam a 
120 pounds boiler-pressure: it has been found that the velocit 
at the smallest section, on the assumption that the pressure i 
then 80.8 pounds, is 1430 feet per second, and that the specifi 
volume is 5.20 cubic feet. If the pressure in the nozzle i 
reduced to 14.7 pounds, at the exit, the velocity becomes 283 
feet per second, the quality being = 0-8775. The specifi 
volume is consequently 

^2 === ^2^2 + O’ = 0.877 (26.66 — 0.016) -f 0.016 == 23.4 cu. ft 


The areas will be directly as the specific volumes and inversel 
as the velocities, so that for this case we shall have the ratio c 
the areas 


5.20: 23.4) 
2830 : 1430 ) 


1 : 2.27; 


and the ratio of the diameters will be 

Vi • V2.27 = i: r.5. 


Combining-tube. — There is great diversity with differer 
injectors in the form and proportions of the combining-tub( 
It is always made in the form of a hollow converging com 
•straight or curved. The overflow is commonly connected to 
•space between the combining-tube and the delivery-tube; it is 
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ScllcTH’ injwtor, Kig. 9:2. In ihe latter case the combining- and 
delivery tubes may form one continuous piece, as is seen in the 
double injector shown by Fig. 93. 


The Delivery-tube. — 'I’liis tube should be gradually enlarged 
fnmi its smallest diameter to the exit in order that the water in it 
may gradually Utse velocity and be less alTected by the sudden 
change of velocity where this tube connects to the jiipe leading 
to the boiler. 

It is the custom to rate injectors by the size of the delivery- 
tube; thus a No. 6 injector may have a diameter of 6 mm. at 
the smallest section of the delivery lube. 

Mr. Rneass found that a delivery-lube cut olT short at the 
.smallest section would deliver water against 35 pounds pre.ssure 
only, without overflowing; the steam pre.ssure being 65 pound.s. 
A cylindrical lube four times as long as the internal diameter, 
under the same conditions would deliver only against 24 pounds. 
A tube with a rapid flare delivered against 63 iKiunds, and a 
gradually enlarged tube delivered against 93 pounds. 

If the delivery-tube is assumed to be Tilled with water without 
any admi.xture of steam or air, then the relative velocities at 
different .sections may be assumed to be inversely proportional 
to the corresponding areas. This gives a method of tracing the 
change of velocity of the water in the tube from its smallest 
diameter to the exit. 

A sudden change in the velocity is very undesirable, as at the 
point where the change oecurs the tube is worn and roughened, 
espeeially if there are solid im[)uritie.s in the water. It has been 
proposed to make the form of the tube such that the change of 
velocity shall be uniform until the pressure has fallen to that in 
the delivery- [lipe; but this idea is found to be impracticable, as 
it leads to very long tubes with a very wide flare at the end. 

Efficiency of the Injector. ~ The injector is used for feeding 
boiler.H, and for little else. Since the heat drawn from the boiler 
is returned to the btiiler again, .save the very small part which 
is changed into mechanical energy, it appears as though the 
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placed higher than the reservoir a special device is provided for 
lifting the water to start the injector. Thus in the Sellers’ 
injector, Fig. 92, there is a long tube which protrudes well into 
the combining-tube when the valves w and x are both closed. 
When the rod B is drawn back a little by aid of the lever H the 
valve w is opened, admitting steam through a side orifice to .the 
tube mentioned. Steam from this tube drives out the air in 
the injector through the overflow, and water flows up into the 
vacuum thus formed, and is itself forced out at the overflow. 
The starting-lever II is then drawn as far back as it will go, 
opening the valve x and supplying steam to the steam-nozzle. 
This steam mingles with and is condensed by the water and 
imparts to the water sufficient velocity to overcome the boiler- 
pressure. Just as the lever H reaches its extreme position it 
closes the overflow valve K through the rod L and the crank at R. 

Since lifting-injectors may be supplied with water under a 
head, and since a non-lifting injector when started will lift 
water from a reservoir below it, or may even start with a small 
lift, the distinction between them is not fundamental. 

Double Injectors. — The double injector illustrated by Fig. 93, 
which represents the Korting injector, consists of two complete 
injectors, one of which draws water from the reservoir and 
delivers it to the second, which in turn delivers the water to the 
boiler. To start this injector the handle A is drawn back to 
the position B and opens the valve . supplying steam to the 
lifting-injector. The proper sequence in opening the valves 
is secured by the simple device of using a loose lever for joining 
both to the valve-spindle; for under steam-pressure the smaller 
will open first, and when it is open the larger will move. The 
steam-nozzle of the lifter has a good deal of flare, which tends 
to form a good vacuum. The lifter first delivers water out at 
the overflow with the starting lever at B ] then that lever is pulled 
as far as it will go, opening the valve for the second injector or 
forcer, and closing both overflow valves. • 
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In the Sellers’ injector, Fig. 92, the regulation of the steam- 
supply by a long cone thrust through the steam-nozzle is 
retained, but the supply of water is regulated by a movable 
combining-tube, which is guided at each end and is free to move 
forwards and backwards. At the rear the combining-tube is 
affected by the pressure of the entering water, and in front it is 
subjected to the pressure in the closed space O, which is in 
communication with the overflow space between the combining- 
tube and the delivery-tube, in this injector the space is only for 
producing the regulation of the water-supply by the motion of 
the combining-tube, as the actual overflow is beyond the 
delivery-tube at K. When the injector is running at any regular 
rate the pressures on the front and the rear of the combining-tube 
are nearly equal, and it remains at rest. When the starting- 
lever is drawn out or the steam-pressure increases, the inflowing 
steam is not entirely condensed in the combining-tube as it is 
during cfflcient action; lateral contraction of the jet therefore 
occurs when crossing the overflow chamber, causing a reduction 
of pressure in O, which causes the tube to move toward D and 
increase the supply of water. When the starting-lever is pushed 
inward, reducing the flow of steam, the impulsive effort is 
insufficient to force a full supply of water through the delivery- 
tube, and there is an overflow into the chamber O which pushes 
the combining-tube backwards and reduces the inflow of water. 
The injector is always started at full capacity by pulling the 
steam- valve wide open, as already described; after it is started 
the steam-supply is regulated at will by the engineer or boiler 
attendant, and the water is automatically adjusted by the movable 
combining-tube, and the injector will require attention only 
when a change of the rate of feeding the boiler is required on 
account of either a change in the draught of steam from the 
boiler, or a change of steam-pressure, for the capacity of the 
injector increases with a rise of pressure. 

A double injector, such as that represented by Fig. 93, is to a 
certain extent self-adjusting, since an increase of steam-pressure 
causes at once an increase in the amount of water drawn in by 
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cooled by the water from the feed-supply, and will then work 
usual. If air leaks into the suction-pipe or if there is any 
other interference with the normal action, the injector wastes 
water or steam till normal conditions are restored, when it 
starts automatically. 

Exhaust Steam Injectors. — Injectors supplied with ex- 
haust-steam from a non-condensing engine can be used to 
feed boilers up to a pressure of about 80 pounds. Above 
this pressure a supplemental jet of steam from the boiler must 
.be used. Such an injector, as made by Schaffer and Buden- 
berg, is represented by Fig. 96; when 
used with low boiler-pressure this in- 
jector has a solid cone or spindle in- 
stead of the live-steam nozzle. To 
provide a very free overflow the com- 
billing- tube is divided, and one side is 
hung on a hinge and can open to give 
free exit to the overflow when the 
injector is started. When the injector 
is working it closes down into place. ^ 

The calculation for an exhaust-steam 
injector shows that enough velocity 
may be imparted to the water in the 
delivery-tube to overcome a moderate 
boiler-pressure. 

For example^ an injector supplied with steam at atmospheric 
pressure, and raising the feed-water from 65® F. to 145° F., 
will draw from the reservoir 



+ ?i - 




66.3 + 180.3 - 113.0 




pounds of water per pound of steam. In this case as the* steam- 
nozzle is Converging we will use for computing the velocity the 
pressure 

0.6 X 14.7 = 8.8 pounds. 
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the boiler with jin exhaust steam injector will result in fouling 
the boiler. 

Water-ejector. Fig. ()7 repre.sents a device called a water- 
ejector, in which a small stream of water in the pipe M flowing 
from the reservoir R raises water from the reservoir R" to the 
re.servoir R'. 

Let one pound of water from the reservoir R draw y pounds 
from R'\ and deliver i f y pound.s to R'. Let the velocity of 
the water issuing from .4 be I'j that of the water entering from 
K" be Vj at ami that of the water in the pipe O be The 
equality of m(»menta gives 

t' t yv^ > (i f y)i»j (275) 

Let X lie the e.xeess of pre.sHure at M above that at N expres.sed 
in feet of water; then 

2 gX\ 

%? if, (// + ^); 

t’j* “ {h -b .V) 

Substituting in etpmlion (375), 

n/ 7 / 4 X 4 * y V-v (t 'by) 

V// 4 .V "• Va 4- X , 

... y ^ „ -7=r— . . . (276) 

v/l 4 X — V 2 f 

It i.s evident from imspection of the equation (276) that y 
may be increased by increasing x', for example, by placing the 
injector alK»ve the level of the reservoir so that there may be a 
vacuum in front of the orifice A. 

G 

If the weight G of water is to be lifted per second, then- 

pounds jK-r stHond must {aow the orifice A, G pounds the space 

at N, and 4* G fKiunds through the section at 0 ; which, 

with the several velocities v, v,, and v,, give the data for the 
calculation of the required areas. 

Problem. — Required the calculation for a water-ejector 
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Ejectors are commonly fitted in steamships as auxiliary pumps 
in case of leakage, a service for which they are well fitted, since 
they are compact, cheap, and powerful, and are used only in 
emergency, when economy is of small consequence. 

Ejector-condensers. — When there is a good supply of cold 
condensing water, an exhaust-steam ejector, using all the 
steam from the engine, may be arranged to take the place of 
the air-pump of a jet-condensing engine. The energy of the 
exhaust-steam flowing from the cylinder of the engine to the 
combining-tube, where the absolute pressure is less and where 
the steam is condensed, is sufficient to eject the water and the air 
mingled with it against the pressure of the atmosphere, and thus 
to maintain the vacuum. 

For example^ if the absolute pressure in the exhaust-pipe is 2 
pounds, and if the temperatures of the injection and the delivery 
are 50° F. and 97® F., then the water supplied per pound of 
steam will be about 20 pounds. If the pressure at the exit of 
the steam-nozzle can be taken as one pound absolute, the velocity 
of the steam-jet will be 1460 feet per second. If the water is 
assumed to enter with a velocity of 20 feet, the velocity of the 
water-jet in the combining-tube will be 88 feet, which can over- 
come a pressure of 50 pounds per square inch. 
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and such a head will give a velocity of 

P’ Ea V 2 X 32.2 X 376 156 feet per second. 

But .so great a hydraulic head or fall of water is seldom, if ever, 
ai)plied to a single turbine, and would be considered inconvenient. 
One hundred feet is a large hydraulic head, yielding a velocity 
of 80 feet per second, and twenty-five feet yielding a velocity of 
40 feet per .second is considered a very effective head. 

If heads of 300 feet and upward were frequent, it is likely 
that compound turbines would be developed to use them; except 
for relatively small powers, steam-turbines are always compound, 
that is, the steam Hows through a succession of turbines which 
may therefore run at more manageable si)eeds. 

The great velocities that are developed in .steam turbines, 
even when compounded, require careful reduction of clearances, 
and although they are restricted to small fractions of an inch 
the cjuestion of leakage is very important. Another feature in 
which steam turbines dilTer from hydraulic turbines is that 
steam is an ela.stic Huid which tends to fill any space to which it 
is admitted. The inlluence of this feature will appear in the 
distinction between imindse anti reaction turbines. 

Impulse. “ If a well formed .stream of water at moderate 
velocity flow.s from a conical nozzle, on a flat plate it sitreads 
over it smoothly in all directions and exerts a 
steady force em it. If the vekn-ity of the stream 
is feet per second, anti if w ptjuntls of water are 
discharged per second, the force will be very 
nearly etjual to 



Here we have the veltxdty in the tlirection of the jet changed 
frtim F, feet {xr second to zero; that is, there is a retardation, or 
negative acceleration, of V^ feet per second; consequently the' 
force is measuretl by the product ttf mass anti the acceleration, 
g being the ucceleratittn tlue to gravity, A force exerted by a 
jet or stream of fluid on a plate or vane is called an impulse. It 
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For if we cliflfcrentiate the expression (276) with regard to V' 
and equate the differential eoefficient to zero we shall have 

F. -aff-o; F-§F.; 

and this value carried into expression (276) gives for the work 
on the vane 

^ 3 • 

but the kinetic energy of the jet is 


so that the efficioncy is 0.5. 

If the flat plate in Fig. 99 be replaced by a .semi-cylindrical 
vane as in Fig. 99a, the direction of the stream will be reversed, 
and the impulse will be twice as great. If the 
vane as before ha.s the velocity V the relative 
velocity of the jet with regard to the vane will 
be 

V ^ — V Fio- w». 

and neglecting friction this velocity may be attributed to the 
water where it leaves the vane. Thi.s relative velocity at exit 
will be toward the rear, so that the absolute velocity will be 

F » (F, - F) - 2F - F,. 

The change of velocity or negative acceleration will be 

F, - (aF - F.) «. 2 (F, - F), 
and the impulse is consequently 

(F, - F). 

J? 

The work of the impulse becomes 

- .2 (F, - F) F «- 3 - (F,F - F*) . . (277) 
E E 

The maximum occurs when . 

^ (F,F ~ F*) - F, - 2 F » o or F - i F,. 
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But this value introduced in equation (277) now gives 


2 g 


which is equal to the kinetic energy of the jet, and consequently 
the efhciency without allowing for losses appears to be unity. 

Certain water-wheels which work on essentially this principle 
give an efficiency of 0.85 to 0.90. The method in its simplest 
form is not well adapted to steam turbines, but this discussion 
leads naturally to the treatment of all impulse turbines now 
made. 

Reaction. — If a stream of water flows through a conical 
nozzle into the air with a velocity as in Fig. 100, a force 


(278) 

a 

will be exerted tending to move the vessel 

from which the flow takes place, in the 

■—I contrary direction. Here again w is the 

weight discharged per second, and g is the 

acceleration due to grayity. The force R 

‘ Fig. loo, is Called the reaction, a name that is so 

commonly used that it must be accepted. 
Since the fluid in the chamber is at rest, the velocity is thal 
imparted by the pressure in one second, and is therefore ar 
acceleration, and the force is therefore measured by the product 
of the mass and the acceleration. However elementary this maj 
appear, it should be carefully borne in mind, to avoid future 
confusion. ^ 

If steam is discharged from a proper expanding nozzle, whicl 
reduces the pressure to that of the atmosphere, its reaction wil 
be very nearly represented by equation (278), but if the expansior 
is incomplete in the nozzle it will continue beyond, and the 
added acceleration will affect the reaction. On the other hand, 
if the expansion is excessive there will be sound waves in th( 
nozzle and other disturbances. 
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The velocity of the jet depends on the pressure in the chamber, 
and if it can be maintained, the velocity will be the same rela- 
tively to the chamber when the latter is supposed to move. The 
work will in such case be equal to the product of the reaction, 
computed by equation (278), and the velocity of the chamber. 
There is no simple way of supplying fluid to a chamber which 
moves in a straight line, and a reaction wheel supplied with 
fluid at the centre and discharging through nozzles at the cir- 
cumference is affected by centrifugal force. Consequently, 
as there is now no example of a pure reaction steam turbine, it 
is not profitable to go further in this matter. It is, however, 
important to remember that velocity, or increase of velocity, is 
due to pressure in the chamber or space under consideration, 
and is relative to that chamber or space. 

General Case of Impulse. — In Fig. loi let ac represent the 
velocity of a jet of fluid, and let V represent the velocity of a 
curved vane ce. Then the 
velocity of the jet, relative 
to the vane is equal 
to be. This has been drawn 
in the figure coincident 
with the tangent at the end 
of the vane, and in general 
this arrangement is desir- 
able because it avoids 
splattering. 

If it be supposed that 
the vane is bounded at 
the sides so that the steam 
cannot spread laterally and 
if friction can be neglected, the relative velocity may be 
assumed to equal V^. Its direction is along the tangent at 
the end e of the vane. The absolute velocity can be found 
by drawing the parallelogram efgh with ef equal to V, the 
velocity of the vane. 

The absolute entrance velocity can be resolved into the 
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and since the kinetic energy of the jet is wV^ -4* 2^ the effi-^ 
ciency is 

V 

e = 2 — cos a (284) 

To find the relations of the angles a, and 7, we have from 
inspection of Fig. 102 in which el is equal to ef, 

sin a = Fj sin /? . . , 

F == F2 cos 7 . . . . . 

F = Fj cos a ~ Fj cos /?; 

from which 

' jr T/ sin a n -xr sin a cos 7 

' -'sm ^ ' sin^ 

sin /? cos a — cos /3 sin a: = sin a cos 7 

sin (/? — a:) = sin a cos 7 (287) 

The equations given above may 


(285) 

(286) 


and 



be applied to the computation 
of forces, work, and efficiency 
when w pounds of fluid are dis- 
charged from one or several noz- iL-J. 
zles and act on one or a number 
of vanes ; that is, they are directly 
applicable to any simple impulse 
turbine. 

Example, Let F^, the velocity 
of discharge, be 3500 feet per 
second as computed for a nozzle 
on page 444, and let a = 7 = 30°. By equation (287) 

sin — a) == sin a cos 7 = 0.5 X 0.866 = 0.433. 
/. ^ - a = 25 40'; p = SS° 40' 



1 e 

V r 

1 





V4 

7i 




« sin a 0.5 

== 3500 — 


2020 


sin ^ 0.866 

F = Fj cos 7 = 2020 X 0.866 = 1750 
^ = 2 X 1750 X 0.866 3500 ~ 0.866. 


4^0 
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If this value is carried into equations (283) and (284) the 


work and efficiency become 

^ Fj’cos’rt (290) 

and 

(291) 


This freedom from axial thrust appears to be purchased 
dearly unless the accompanying reduction of velocity of the 
wheel is to be considered also of importance. 

Example. If as in the i)receding case the velocity of discharge 
is 3500 feet per second, and if a is 30®, we have now the following 
results, 

cot /3 I cot « ^ 2 X 1.732 ■■= 0.866 /3 «=• 49° 10' 

V •*. I cos <r ^ J X 3500 X 0.866 =« 1515 
e cos’ 30® 0.75. 

Effect of Friction. — ■ The direct effect of friction is to reduce 
the exit velocity from the vane; resistance due to striking the 
edges of the vanes, splattering, and other irregularities, will 
reduce the velocity both at entering and leaving. The effect of 
friction and other resistances is two-fold ; the effect is to reduce 
the efficiency of the wheel by changing kinetic energy into heat, 
and to reduce the velocity at which the be.st efficiency will be 
obtained. There does not appear to be sufficient data to permit 
of a quantitative treatment of this subject. Small reductions 
from the speed of maximum efficiency will have but small effect. 

The question as to what change shall be made in the exit 
angle (if any) on account of friction will depend on the relative 
importance attached to avoiding velocity of whirl and axial 
thrust. If the latter is considered to be the more important, 
then y should be made somewhat larger so that the exit velocity 
of flow may be equal to the entrance velocity of flow. But if it 
is dc.sired to make the exit velocity of whirl zero, then y should be 
somewhat decreased. 

Design of a Simple Impulse Turbine. — The following compu- 
tation may be taken to illustrate the method of applying the 
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foregoing discussion to a simple impulse turbine of the de Laval 
type. 

Assume the steam-pressure on the nozzles to be 150 pounds 
gauge and that there is a vacuum of 26 inches of mercury; required 
the principal dimension of a turbine to deliver 150 brake horse- 
power. 

The computation on page 444 for a steam-nozzle under these 
conditions gave for the velocity of the jet, allowing 0.15 for 
friction, = 3500 feet per second. The throat pressure was 
taken to be 96 pounds absolute, giving a velocity at the throat 
of 1480 feet per second. The dryness factor was 0.965 at the 
throat; at the exit this factor was 0.833 for 0.15 friction and for 
adiabatic expansion was 0.790. 

The thermal efficiency for adiabatic expansion with no allow- 
ance for friction or losses whatsoever, as for an ideal non-con- 
ducting engine, is given by equation (144) page 136 as 


_ 810.8 

^ ~ ^ ri + qi-qa ~ ^ 856.0 + 337-6 - 94.3 

the corresponding heat consumption is 

42.42 0.262 = 162, 


0.262; 


by the method on page 144. 

Let the angle of the nozzle be taken as 30° as on page 481, 
then the angle becomes 49° 10', the efficiency is 0.75 and the 
velocity of the vanes must be 1515 feet per second. 

Suppose that ten per cent be allowed for friction and resistance 
in the vanes, and that the friction of the bearings and gears is 
ten per cent; then, remembering that 0.15 was allowed for the 
friction in the nozzle, and that the efficiency deduced from the 
velocities is 0.75, the combined efficiency of the turbine should 
be 

0.262 X 0.75 X 0.85 X 0.9 X 0.9 == 0.135; 
which corresponds to 


42.42 -f- 0.13s = 314 b.t.u. 
per horse-power per minute. 
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Now it costs to mate one pound of steam at 150 pounds by 
the gauge or 165 pounds absolute, from feed water at 126“^ F. 
(2 pounds absolute) 

~ ?2 = 856.0 + 337.6 — 94.3 = 1099 B.T.U., 

consequently 314 b.t.u. per horse-power per minute correspond 
to 

^14 X 60 1099 = 17*2 

pounds of steam per horse-power per hour. 

The total steam per hour for 150 horse-power appears to be 

150 X 17.2 = 2580. 

If the nozzle designed on page 444 be taken it appears that 
five would not be sufficient, as 
each would deliver only 500 
pounds of steam per hour. But 
if allowance be made for a mod- 
erate overload, six could be 
supplied. 

Not uncommonly turbines of 
this type are run under speed as 
a matter of convenience. Sup- 
pose, for example, the speed of 
the vanes is only 0.3 of the 
velocity of whirl, instead of 
0.5; that is, in this case take 
r = 1050. 

This case is represented by Fig. 104, from which it is evident 
that 

7 / = F/ = ai = Fj sin 30'' = 3500 X 0.5 = 1750 
F,^= Fj cos 30° = 3500 X 0.866=3030 
tan p ai -h id = 1750-5- (3030 — 1050) = 0.884 
/? = 41° 30'. 

The two triangles aid and elh are equal, and 
le = id = 3030 — 1050 = 1980; 
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consequently the exit velocity of whirl is 

VfJ = efe = 1050 — 1980 = — 930. 

Consequently the work delivered to the vane is 

py = -[3030 - (- 930)] 1050 = “ 3960 X 1050 

s s 

. w 

= 410000 — • 

g 

But the kinetic energy is wV^ ^ 2g, so that the efficiei 
416000 X 2 3500^ “ 0.68. 

The combined efficiency of the turbine therefore becomes 
0.262 X 0.68 X 0.85 X 0.9 X o.g = 0.123 
instead of 0.135; and the heat consumption becomes 
42.42 0.123 = 345 S-T-U. 

per horse-power per minute ; and the steam consumption inci 
to 

345 X 60 -4- 1099 = 18.8 

pounds per horse-power per hour. The total steam per 
appears now to be about 

18.7 X 150 = 2800, 

so that six nozzles like that computed on page 444 would 
only a margin for governing. 

If the turbine be given twelve thousand revolutions per m 
the diameter at the middle of the length of the vanes will h 

D = 1050 X 12 X 60 -7- (3.14 X 12000) == 20 inches. 

The computation on page 444 gave for the exit diamet 
the nozzle 1.026 inches, and as the angle of inclination t< 
plane of the wheel is 30^^, the width of the jet at that ; 
would be twice the exit diameter or somewhat more, due t 
natural spreading of the jet. The radial length of the ^ 
may be made somewhat greater than an inch, perhaps ItV in 
The circumferential space occupied by the six jets will be i 
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1 4 inches nut of (>2.8 inches (the perimeter), or somewhat less 
tlun ime-tifth. 'I’he section of the nozzle is shown by 
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Fig, 105, ami the f«>rm of the vanes may be like Fig. 106. 
In this case the thickness of a vane is made half the space 
from one vane to the next, or one-third the 
pilih from vane to vane. 'I'he normal width 
of the passage is made constant, tlie face of one 
vane an<l the hack of the ne.xl vane being .struck 
from the same centre. 'Fhe form and spacing 
of vanes can he <letermint*d hy exjH'rience only 
anti apjH’ars to tlejamd largely on the judgment 
of the designer. In deciding on the axial width 
of the vanes it must Ik* lairne in mind that 
increasing that width increases the length and therefore the 
frictitm t>f the {wssage; hut that on the other hand, decreasing 
the width increases the curvature t»f the [lascsage which may be 
equally unfavctrahle. Sharply curvetl pns.sagt« also tend to 
prtKluce centrifugal action, hy which is meant now a tendency to 
crowjl the fluid towartl the coneave aide which tends to raise 
the pressure there, and decreases it at the convex side, Mr. 
Ah'xaniler Jude,* ft»r a {mrticulnr case with a steam velocity of 
1000 feet jH*r smtwl, computes a chtinge of pressure from 100 to 
toy.i }Hmnds on the concave side and a fall to 93.4 on the convex 
8i<le. Even if this case shouhl ap{K*ar to be e,xtreme there is no 
tjue»th»n that .sharp turves are to lie avoided in designing the 
steam {mssages. 

Teats 00 « de Laval Turbine. ~ The following are results of 
tt^ls on a de Laval ^urhlne made hy Messrs. J. A. McKenna 
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Velocity Compounding. — In 
velocity of a jet of steam, that 
down to the back-pressure. 
Suppose it acts on an equal- 
angled (/9 = 7) vane which has 
the velocity T, The relative 
velocity at entrance to that 
vane is and this velocity 
reversed and drawn at Fg may 
represent the exit velocity, 
neglecting friction. F4 is the 
absolute velocity at exit from 
the vane, which may be re- 
versed by an equal-angled 
.stationary guide, and then 
becomes the absolute velocity 
Y I acting on the next vane. 
The diagram of velocities for 
'the second moving vane is 
composed of the lines lettered 
7 /, 7 /, 7 / and 7 /; the 
last of these is reversed by a 
stationary guide, and the 
velocities of the third vane are 
7 /', 7 /', 7 /' and F/'. The 
diagram is constructed by 
dividing the velocity of whirl 

F, = 


Fig. 107, let Fj represent the 
is expanded in a proper nozzle 


a 



into SIX equal parts, and the final exit velocity 7 /' is vertical, 
indicating that there is no velocity of whirl at that place. 

It is immediately evident, since the velocity of flow is unaltered 
in Fig. 107, and since there is no exit velocity of whirl that the 
efficiency neglecting friction is the same as for Fig. 103, namely 

e = cos^ a 


.as given by equation (291) page 481. 
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utut a** ihc- intrin-iit rturny “f tin- jet is 




, , -w 

3 .iW » 6ia5ooo- 


-A' K g 

thf filiiiriuy (4 this arrangfnu'nt without lasses and friction 

ajijH'iirs Ut !«■ 

^7.*o ! 6125 o.ya. 


Effect of Friction. " I !u* rjlwt «if friction is to change some 
of the kinc tii energy into heat, thereby reducing the velocity and 
at the same linte tjrying the steam and increasing the specific 
voliune so that the length of the guide.s and vanes must be 
im teased at a somevvhal larger ratio than would otherwise be 
reunited. 

A methoti of allnwiiig fur friction is to redraw the diagram of 
Fig. 107. shortening the lines that represent llie vi-loeilies to 
allow h»r friition, 

In order t«* bring out the meihiKi tleurly an excessive value 
will In' assigned to the i iH-tlii ienl for friction, namely, y » 0,19, 
so that the etjitalion for veltRity n«iy have for its typical form 

J Jglf It y) - 0.9 s/jgh. 

Again the t iwtTu ienl will !«• assumetl to lie constant for sake of 
simjiUtiiy, more es|»eiially as but little is known with regard to 
its real value. 

The diagram shown 
l»y Fig. ifar was drawn 
fiy trial with F, - .1^00 
ami with « — .p”. 1 1 

ap}»eare‘l neeessary to 
redine I' to ,|Se» fret 
jwr •lecumi, instead of 
50^ feel, whirh wmihl 
Imc |*ro|*i'r without frh 
tion, this latter inianlity 
la itig one-sixih *4 the 
initial velm ily of whirl. 
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In Fig. no an attempt is made to avoid axial thrust on 
the vanes, and at the same time to retain a fair eflSciency 
by making the. 

delivery angle of ^ 
the guides constant. 

A calculation like 
that on page 492 
indicates that an 
efficiency of 0.76 

might be expected 
in this case. It is 

quite likely that ^ ^ 

in practice there fio. 

might be difficulty 

in making the delivery angle of the guide as small as 30°, 
but it appears as though the common idea that it is practically 
impossible to make an economical turbine on this principle is 
not entirely justified. 

Pressure Compounding. — The second method of compounding 
impulse turbines with a number of chambers each containing 
a single impulse wheel like that of the de Laval turbine requires 
a large number of stages to give satisfactory results. For sake 
of comparison with preceding calculation we will take the 
same initial and final pressure and the same angle for the nozzles, 
namely, 150 pounds by the gauge and 26 inches vacuum, and 


Nine stages in this case will give approximately the same 
speed of the vanes as in the problem on page 490. The temper- 
ature-entropy table which was made for work of this nature 
is most conveniently used with temperature, and in this case the 
initial and final temperature can be taken as 366° F. and 126° F. 
At 366"^ F. the steam is found to be nearly dry for the entropy 
1.56 and that column will be taken for the solution of this 
problem. The heat contents is 1193.3 instead of 1193-6 as 
found for 366° F. in Table I of the Tables of Prop- 
erties of Steam.’’ On the other hand the table gives at 
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'I his will givi- hir ihf avuilulik’ heat for each chamber 8 
thermal imits, ami using aw before y « o.i we shall have 

r, - N J X ^ 2.3 X TJ^X 8 X 0.9 600 

feet jK-f seenntl. With ft •* the velocity of whirl is now 520 
feet aiml the veUa ity of the vanes ais slateil is 2O0 feet per second. 

The next fjuestioti in the discussion of this turbine is the 
{Ustril.mifm of pressure. If the coefricienls for friction and 
tfther IftHNCH aire taiken m lie constant, then the pressure can be at 
once (h'termined by the adiabatic method. 

In the problem already discussed n.T.u. are assigned to 
cat h stage. an«i if this figure be subtracted nine times in succes- 
sion from the heat contents ttg-t at the initial lemiieralure wc 
shall have the values which may be used in determining the 
intermediate lemjH'ralures from the temperalure-enlropy table, 
AImi fr«»m that table or from 'I’able I in the “'I’ablcs of 
J*rcnKTties of Steam,” the corresjamding pressures can be 
deirrminetl, The work is arranged in the following table: 


filsTRimcntiN cjK I'RKSSURK. 






lUtka o( pr^sureic 

u 



165 

0.6B 

1 



ii'i 

0.56 


1 1 m 



0.65 

i 

i»il 

478 

47 « 

©.64 

4 


ip 

JO. 4 

0.61 




18.6 

0.6r 



um 


0,58 

1 

«ir«i 

*74 


®*57 

i 1 

! 



©•53 

n j 

1 

11^1 

1.0 

0. 


'rhe last column gives the ratio of any given pressure to the 
pmerding jirewure, i.e, iia ; 165 « 0.68. These ratio.s indicate 
th*it simide t unit al tttnvTrging ntizdes will be sufficient for all 
hut the last stage. With the usual number of stages, twenty or 
more, the ratios are certain to be larger than 0.6 in all cases, 
indicating the use of converging nozzles throughout. 
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Hy lh«* hhI »*f lln- IrmiRTnliirf-entropy table, the qualities 
iintl sjH'tifir vulumi'S may Ik* ileterminetl directly with Rood 
ajijiniAirnatiim. it iH-ing necessary only to follow the line of the 
tenijaratiire t«» an eniro|iy ctihimn, having nearly the proper 
heal contents. 

‘rhere is ji serious olijirtion to this method as applied, because 
it ti(K-s not take any act otmt of the fact that as the steam passes 
from stage t«* stiige losing less heat than it would with adiabatic 
ttction, the entr«ij>y increases, and that with increased entropy 
the difference of heat ccmlents Iwtween two given temperatures 
increases. *rhls will Im* very apjairent fnim inspection of a 
temiwratureumlropy diagram or the temperature-entropy table. 
This mailer will l*e dim umsl mort; at length in connection with 
the Curtis lyjte tif turlnne. 

It has iH'cn assumwl ilmt the same amount of heat should be 
assigned to eac h stage for the atlialmtic calculation and that the 
values i»f y to allow for fricthm and losses remain constant. 
As to the wdues that shouUl la* assigned to y, we have very little 
published information; it may la* noted in parsing that our 
allowante for frit lion in the and guides is probably too 

krge. It will U; evident that them Is no difliculty in maintaining 
the amount assigned to each stage in its pro[>er proportion even 
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though y shall be varied from stage to stage. For example, oi 
choice of o.i for both y and y^ gives 

32 X 0.9 X 0.9 == 25.92 

which jnultiplied by 0.75, the efficiency due to the angles ar 
velocities, gives 19.44 b.t.u. as above. Let it be assumed f( 
the moment that the above product shall be kept constant, so j 
to obtain the same velocity of jet in each stage. Then tl 
following table exhibits a way of accomplishing this purpo: 
while varying y and y ^ : 


Stage 

I 

2 

! 

3 

1 4 

s 

6 

7 

8 

0 

y 

0.08 

0.085 

0.09 

0.095 

0. 10 

o.ios 

0. II 

O.I15 

0.1 

yx 

0 . 088 

0.091 

0.094 

0.097 

0. 10 

0.103 

0,106 

0.109 

0.1 

I 

I 

0.839 

0.832 

0.824 

0.817 

0.81 

0.803 

0.796 

0.787 

0.7 

B.T.U 

30-9 

31.2 

3 I-S 

31-7 

32 

32.3 

32.6 

33-0 ' 

33-2 


The last line shows the proper assignment of thermal uni 
for this condition. For simplicity both y and y^ are assum( 
to vary uniformly, but other variations can be worked out wi 
a little more trouble. Evidently the sum of the figures in tl 
last line should be equal to 

9 X 32 = 288; 

it is a trifle larger in the table. 

Now it is probable that the best values of the factor for frictic 
and resistance are to be derived from investigations on turbin 
rather than from separate experiments on nozzles and vane 
and it is evident that the use of the methods of representii 
the friction by a factor y is rather a crude way of trying to atta 
in a new design favorable conditions found in a turbine alreac 
built. 

Since the general conditions of this problem are the same 
those on page 481, the efficiency due to adiabatic action will 1 
the same as is also the efficiency due to the angles and velociti( 
Taking the factors for friction in the guides and blades as eai 
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o.i, the corresponding factors are 0.9 and 0.9. The efficiency 
due to velocities is 0.75, and the mechanical efficiency may be 
•estimated as 0.9. The combined efficiency of the turbine is 

0.262 X 0.75 X 0.9 X 0.9 X 0.9 = 0.143. 

A computation like that on page 483 with this efficiency gives 
for the probable steam consumption 16.2 pounds per brake 
horse-power per hour. 

Assume that the turbine is to deliver 500 brake horse-power* 
then the steam consumption per second will be * 

16.2 X 500 -f- 3600 = 2.25 pounds. 

We can now determine the principal dimensions of the turbine 
to suit the conditions of its use. Suppose that it is desired to 
restrict the revolutions to 1200 per minute or 20 per second * 
then with nine stages and a peripheral velocity of 520 for the 
vanes the diameter will be 

520 207 r = 8.28 feet. 

For a turbine of the power assigned this diameter will be 
found to be inconveniently large. If, however, the number of 
stages can be made 36, the velocity will be reduced to 260 feet 
per second as computed on page 495. This will give for the 
diameter 

260 207 r = 4.14 feet. 

The remainder of our calculation will be carried out on these 
assumptions, namely, that the power is to be 500 brake- 
horse-power, and that there are to be 36 stages. If the method 
of the table on page 497 were applied to a turbine having the 
full 36 stages now contemplated, it would have 37 lines; namely, 
the ten already set down, and three intermediate entries between 
each pair of consecutive lines; but the temperatures found in 
that table would be found in the more extended table together 
with their specific volumes. We can, therefore, use that table to 
calculate areas and lengths of vanes for 9 out of the 36 stages, 
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C I if lU'sjrt’ti, ilic thickness of the vuncs could be 

atljusu-d to Mivc the «inu- length. Such a construction as this 
leads to is likely to give too shar[) a curvature to the backs of 
the vanes, and it may In- k-tter to givg only the thickness 
detnamletl for strength and take the chance that the passage 
between the vitne.s shall not Iw filleti. If allowance is made for 
friction ami the ronsenuent reduction in velocity the lengths of 
the vanes should lie lorresjKindingly increased. 

The lengths of the guides for the other stages will be directly 
{m»iK>rtional to the sja-eiric volumes in the table on page 497, 
kcause the vehn ities have larn made the same for all the stages. 
For esample, at i«w‘* the length for full admission will be 

1.4s ^ .t».H ; 148 > 0.312 Inch, 

whit h will k- the jirtijn-r length for the twenty-fourth stage. If 
it is t tmsitleretl undesirable tt» further retime the length we may 
resort ft* atlmluing steam ihrtjugh guitle.s for t*nly a portion of 
the |«eri|»hery. Making tlte arc of ntlmission vary as the .specific 
vt*lumes, the ftturih stage (line j ttf the table on page 497) will 
Ivavr atlmission for 

3fio X 3.8(1 !- 31.8 43°. 

Intrrmetliiite lengths of vanes anti arcs of atlmtoion may be 
computet! by filling t*ut a table like that on page 497 for all the 
stages, or a tlkgram may ha drawn from which the required 
inft»rinal«»n tan k had by intertadation ; the values on the line 
numk-retl o are for this purfam*, there being tjf ctiurse no corre- 
sjamtling stage. In fact the raelhtid of computing at convenient 
Intervals anti interjadating frt>m turves is likely to be more accu- 
rate m well as mt*re t onvenienl, as the error of adiabatic calcula- 
tions for steam with small change of temperature is liable to be 
excessive. 

Lmknge and Radiation. • 'rhls iy(H* of turbine, as will be seen 
In the dm rijnion of the Rateau lurldne, has a number of wheels 
each in its own chamber, and the cimmljers are separated by 
stationary liisks that extend to the shaft. Retluction of leakage 
must k attained bv a small clearance between the disk and the 


i 

I- 
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Li't iihtdt' ri'prrwnt h vane which has steam entering it 
lanr«'i*iHy with the vehHity I',, while it has itself the velocity 
r. At'.titning that the relative velocity U 
itmstant we may ilivide the curve into a 
numln-f «*f ecjiml small parts that are approxi- 
mately slraighi. From h lay olT 

Id,- - ,ih . 

' I 1X3. 

then h- will U- a {mini in the trajiTtory of the particle of steam. 

In like ftiannrf ft' —mh ,■ ,ctc. 

^ a 

*l‘hr |»alh »i/*'r'i/V m.»y \h‘ taken as tite trajectory of the steam, and 
rr' is the Iriol ae. iletined almve. I’ro{>erly a similar construction 
shouUl l*e miolr ii!s(» for the hue k «tf the vane, and the mean path 
shonhl 1 m- taken tii estiililish the leaid. Extreme refinement is 
jifulwtiU neither neti-ssiiry nor justifklile in this work. 

RutMiu Turbin#. The construc tion of this turbine, which is 

of the pure {ircfCHure-compound 
tyi«*ls represented by Pig. 113, 
which is a half section through 
the .sluift, wheels and casing. 
The wheels are light dished 
plates which are secured to 
hubs that are pressed onto the 
shaft and which carry the 
moving vanes. The chambers 
are se{>anited by diaphragms 
of {date steel, riveted to a rim 
anti to a hub casting. The 
hubs are bushed with anti- 
friction metal that is expected 
to wear away if it by chance 
touches the shaft. This tur- 
bine k sometimes divided into 
two sec tions to jcrtivide a middle Imiring for the shaft, which 
hii-c c onaidrratdr Irnicih ami shotticl {ireferably have a small 
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its casing, and from, tests of his own, Professor Stodola gives the 
following equations for the horse-power required to drive smooth 
wheels and to drive wheels with vanes forward : 

Smooth wheels ^ 


H.P. =0.02295 



7 * 


Wheels with vanes 


H.P. = to.02295 + 1.4346 0:2 



where D is the diameter in feet, L is the blade length in inches, 
V is the peripheral speed in feet per second, and 7 is the density 
of the medium. The values of the other factors are 


oil = 3.14 0:2 = 0.42. 

These formulae explain why the backing turbine for marine 
propulsion is always run in a vacuum when idle. 

Turbines which have only a partial admission must be affected 
by some such action for that part of the revolution during which 
steam is not admitted; but this matter is obscure and such a 
resistance must be combined with friction and other resistances. 
It is therefore very difficult to assign the proper value to the fric- 
tion factor y for steam in the vanes or in the guides and vanes of 
a velocity-compound turbine. In particular any change of the 
angle 7 (Fig. 103, page 480) to avoid end thrust must be made 
with caution and should be checked by experiment. 

Side Thrust. — If admission is restricted to only a part of the 
periphery of a turbine, then in order to preserve ’a balance and 
avoid unnecessary pressure on the bearings of the shaft, the arc 
of admission should be divided into two equal portions, that are 
diametrically opposite. Some builders, however, prefer to 
ignore this effect, and concentrate the admission at one side, 
because there is tendency for the steam to spread which will have 
double the effect if the arc is divided as suggested. The amount 
of side thrust can be estimated from the powers developed at' 
the several wheels, having partial admission, together with the 
dimensions and speed of revolutions, making allowance of course 
for the distribution of the torque over an arc of a circle. 
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th6 combined effect of losses in the vanes may be taken to be 
equivalent to making equal to 25 so that 1 is 0.75; this 
is in effect the efficiency factor for the vanes as affected by friction. 
If, further, we take the mechanical eflSciency of the machine as 
0.9, then the combined efficiency for the turbine will be 

0.285 X 0.883 X 0.85 X 0.75 X 0.9 - 0.144. 

This corresponds to 

42.42 0.144 = 295 B.T.U. 

per horse-power per minute. Now it costs to make steam from 
water at 102°, and at an absolute pressure of 165 pounds, 1123 
(''1 + ?i ““ Q2) thermal units, as already calculated in the deduc- 
tion of the efficiency of adiabatic action. Consequently the steam 
per horse- power per hour will be 

29s X 60 1123 = 15.7 

pounds per brake horse-power per hour. To this should properly 
be added a fraction, to allow for leakage and radiation, amounting^ 
to five or ten per cent; this added amount of steam will affect 
the size of the high pressure nozzles only in this case, and as 
extra nozzles are sure to be provided we will take no further 
account of it than to say that the steam consumption may amount 
to 16.5 to J7.3 pounds per brake horse-power per hour. 

The heat contents which have already been found give for the 
adiabatic available heat 

1193 - 871 = 322, 

and if this be divided equally we have i6i thermal units per 
stage. Using 0.15 for y in the nozzles, the velocity of the jet 
becomes 

V X 32.2 X 778 X 161 Xo.8s =2610 

feet per second. 

Assuming that we may use three sets of moving vanes the 
velocity fgr them will be 

2610 ^(2X3) = 435 


feet per second. 
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The specific volume is 

v= {xu + O') = 0.902 (21.6 — 0.016) -f- 0.016 = i9‘S* 

With 15.7 pounds of steam per brake horse-power per hour 
and 770 horse-power the steam per second is 

w = 15.7 X 770 ^ 3600 - 3.36 pounds. 

The combined area of discharge of all the first stage nozzles 
is therefore, with the velocity at exit equal to 2610 feet, 

3.36 X 19.5 X 144 2610 == 3.62 square inches. 

The nozzles of turbines of this type are sometimes made square 
at the exit so as to give a continuous sheet of steam to act on the 
vanes. If the side of such a nozzle were made half an inch 
there would appear to be fourteen and a half such nozzles; the 
turbines would probably be given 16 or 18 of them, which could 
be arranged in two groups. Since the angle of the nozzle is 20^ 
the width of the jet measured along the perimeter of the wheel 
will be 

0.5 sin 20° = 0.5 0.3420 = 1.46 inch. 

Allowing one-fourth of the width of the orifice for the thickness 
of the walls, the width occupied by eight nozzles would be 

1.46 X 1.25 X 8 = inches. 

The combined throat area of all the nozzles will be 

3.36 X 4.4s X 144 - 5 - 1480 = 1. 41 square inch. 

Dividing by 14^, the number of necessary nozzles, gives for 
the throat area of one nozzle 

1. 41 4- 14.5 == 0.0972 square inch, 

so that the diameter will be about 0.35 of an inch. 

A method of calculation for the second set of nozzles consistent 
with the method of determining the intermediate pressure is as 
follows: The pressure in the throat has already been found to 
be 10.6 pounds, corresponding to 196° F., for which the tem- 
perature-entropy table at 1.56 units of entropy gives for heat 
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at exit from the second set of nozzles. The volume of saturated 
steam at 102° is 335 cubic feet, and with a; equal to 0.858 the 
specific volume is 288 cubic feet. Consequently, with a weight of 
3.36 pounds per second, and a velocity of 2610 feet, the united 
areas of all the nozzles at exit will be 

3.36 X 288 X 144 2610 = 53.4 square inches. 

Now the perimeter of a circle having a diameter of 4^ feet is 
about 170 inches. Allowing for the sine of the angle 20° and 
one-fourth for thickness of guides there will be about 43.5 inches 
for the united width of passages between guides so that the 
radial length will be 

53-4 43-5 = 1-23 inch. 

The specific volume of saturated steam at' 197° is 35.5 cubic 
feet, so that with x equal to 0.925 the specific volume is 32.9. 
Now the areas are proportional to the specific volumes and 
inversely as the velocities, consequently the length of guides at the 
throat is 

^ . 2610 . ^ 52.0 . , 

1.27 X X = 0.29 inch. 

1300 288 

The length of the vanes and guides can be found by the method 
on page 500, using relative velocities for the vanes and absolute 
velocities for the guides. The velocities decrease as indicated 
by Fig. 107, page 487, and the lengths must be correspondingly 
increased. In this case, however, there are two considerations 
which influences the lengths that should be finally assigned to the 
guides and vanes, (i) The thickness may be diminished, which, 
tends to decrease the length. (2) Friction reduces the velocity 
which tends to increase the length. Friction of course diminishes 
all velocities including the peripheral velocity of the wheel, but a 
proper discussion of that matter would be both long and uncertain. 

Attention has already been called to the defect of this method 
of making all the calculations at a single value of entropy and 
trying to allow for friction and other losses by simple factors. 
The difficulty is aggravated in this case by the fact that the 
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second set of nozzles or guides have proper throats. The proper 
method after having selected a set of intermediate pressures 
appears to be to calculate the turbine step by step. The steam 
supplied to the second set of nozzles (or guides) has been found 
to have the quality 0.950, and this is probably a good approxima- 
tion to the actual condition, even if allowance is made for radi- 
ation and leakage. The temperature-entropy table gives for 
steam having that quality and the temperature 223, the 
entropy as nearly 1.66. At that entropy the heat contents at 
the initial, throat and exit pressures, are given in the following 
table with also the quality and specific volume at the throat; 
the table also gives the quality and specific volumes at exit with 
y equal to 0.15. 


Pressure. 

Temperature- 

i 

Heat contents. 

Quality, 

Specific volume. 

18,2 

223 

1 100 

0.9s 


10.6 

196 

1063 

0.92 

32-7 

I.O 

102 

927 

0.85 

24s 


The apparent available heaf for adiabatic flow to the throat 
is now 

iioi - 1063 = 37, 
which would give a velocity of 

F = ^2 X 32.2 X 778 X 37 = 1360, 

% 

instead of 1280 as preyiously found. The apparent available 
heat to the exit with 0.15 for the friction factor is now 

(iioi - 927) 0.85 = 147, 

which gives for the exit velocity ‘ 

F = V2 X 32.2 X 778 X 147 = 2710, 

instead of 2610 previously computed. 

This comparison shows that the intermediate pressure deter- 
mined by the customary method will be too high, and that to 
obtain the desired distribution of temperature the factors for 


i 
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thf l.iwiT Htug«‘.H miwt lie motUfiecl arbitrarily as may be deter- 
mim-tl by iiiinjarinon with practice. 

Curtis Turbine. !• ig. 114 .shows a partial elevation and section 
of the r-,‘.fntwl features of a Curtis turbine, which has four 
thantl«'{s aiut iwti sets of moving vanes in each chamber. The 
nsis of the turbine Is vertical which demands an end bearing, 
the ditik tilties of which construction appear to have been met by 

( /Itlsh \ 
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pMiriping oil umler pressure into the bearing, so that there is 
complete lubrication without contact of metal on metal. The 
umdriiwr k pUcetl directly under the turbine, and the electric- 
gefli-raitir is al»ive on a continuation of the shaft. The arrange- 
n«*ni apjirafs to lie conventent, and in particular to demand 
small dour space only. 

When used for marine propulsion the Curtis turbine has a 
boriwntal shaft from necessity, and has a large number of stages. 



514 


STEAM-TURBINES 


A turbine developing 8000 horse-power has seven pressure 
stages, each of which but the first has three velocity stages, that 
one has four velocity stages. The diameter is ten feet and 
the peripheral velocity is 180 feet per second. 

Tests on Curtis Turbines. — The following tables give tests 
on two Curtis turbines, having two and four pressure stages, 
respectively; both were made by students at the Massachusetts 
Institute of Technology. 

TESTS ON A TWO-STAGE CURTIS TURBINE. 

Darling and Cooper,* 


Duration minutes 

Throttle pressure gauge 

Throttle temperature F 

Barometer inches 

Exhaust pressure absolute pounds . . 

Load kilowatts 

Steam per kilowatt hour, pounds . . 
Thermal units kilowatt minute . . . 


1 

120 

1 

120 

120 

1 

120 

60 

146.3 

145.3 

143-2 

143-9 

149-3 

512 

520 

464 

502 

512 

29.8 

29.9 

29.9 

29-9 

30.0 

0.82 

0.79 

0.92 

0.84 

0.85 

161.4 

255 • 7 

374.0 

512.9 

731.9 

21.98 

19.63 

19.98 

18.43 

17-75 

440 

396 

392 

1 

369 

357 


If the efficiency of the dynamo is taken at 0.9 and one kilowatt 
is rated as 1.34 horse-power, the steam and heat consumptions 
per brake horse-power are, for the best result, 

1 1.8 pounds 239 B.T.u. 

TESTS ON A FOUR-STAGE CURTIS TURBINE 
Coe and TpASK.f 


Duration minutes 

60 

60 

60 

180 

120 

Boiler pressure, pounds 

152 

149-6 

152. 1 

150 

15°.4 

Vacuum inches 

28.5 

28.2 

28.8 

28,4 

28.3 

Load kilowatts 

282 

380 

523 

562 

788 

Steam per kilowatt hour pounds . . 

21.4 

20.3 

18.8 

19-5 

19*3 

Thermal units per kilowatt (minute) . 

394 

370 

352 

360 

357 


* ThesiSy M. T. T., 1905. 
f Thesis, M. I. T., 1906. 
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I akiiiK lht“ ertk it'ju y <sf thf tlynamo as 0.9 and a kilowatt as 
I. .it iuirs*- jHiwrr, ihr Ih-sI result is eiiuivalcnt to a steam con- 
sunijuitin uf i j.(> [HHituis and a heat consumption of 237 thermal 
units. 

RMCtioa Turbines. The essential feature of a reaction 
UirhiiU' is a fall of {iressure and a consiniuent increase of veloc- 
ity in the passagisi jim<»nK the vanes of the turbine. Since 
sm h wheels t ontmonly are alTected by impulse also they are 
S«»metitne-. called iiupttlse reai lion wheels, but if properly undcr- 
sIoihI the shorter name need not lead to confusion. In consc- 
tjuerue of the feature nametl the 
relativt" esit veloiity 1’^ is greater 
than r,. Another loH'Henuence is 
that st«'am leaks pari the end.s 
of tlte vanes vvhh h are usually 
oj«-n, and there is also leakage 
past the inner ends «<f the guides 
whii h are also ofamj this feature 
is shown hy Fig, 1 1 5, 

The reaction lurhine is always 
made (om|Ktund with a large 
numlwr of stages, tme set of guides 
anti the following set t»f vanes 
Iwing rounlrd as a stage. In 
c<»n»t|uence the exit pressure either Pi„. i,,. 

from the guides or the vanes Is 

only a litlhf lew limn the entrance pres.sure, and the passages 
are alt » onverging. 

T'herr is ni:» attempt to avoid axial thrust, and therefore the 
rsll angle 7 from the wines may be made small; it is commonly 
rtjtml til the exit angle n from the guid^. A common value 
for these angles Is ao**. 

The guides and vanes follow alternately In close .succe.s.sion 
U-aving only the imesmry clearance; the kinetic energy due to 
the aleailuie exit veltK ily from a given set of vanes ts not lost but 
Is available in the next set of guides. The turbines arc usually 
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the gain of velocity in the vanes is equal to the gain in the 
guides. 

In Fig. 1 16 let be the velocity of the steam leaving the 
guides and V the velocity of the vanes; then F, is the relative 
velocity of the steam entering the vanes. F, is the relative exit 
velocity which is greater than Fj on account of the change of 
heat into work. F4 is the absolute exit velocity from the vanes 
with which the steam enters the next set of guides. If the con- 
ditions for successive stages are the same, F4 is also equal to the 
entrance velocity to the set of guides of the stage under discussion, 
and if ce is laid off at ac/ then c'b is the gain of velocity in the 


a 



guides. Consequently to construct Fg we may lay off ce' equal 
to ac and e'd equal to Now a and 7 are commonly made equal, 
and therefore the triangles abc and cde are equal. Consequently 
the angle S for the entrance to the guides is equal to /? at the 
entrance to the vanes. In fact the guides and vanes have the 
same form. 

Choice of Conditions. — The foregoing discussion shows that 
the designer is given a wider latitude in his choice of conditions 
for the compound reaction turbines than appeared possible 
for impulse turbines, though if the restriction of no axial thrust 
were removed from the latter the comparison would be quite 
different. 
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PARSONS TURniNK- MARINE WORK. 




filth lii'Ail ^Irdmrjr^ . 

|iilrritir«lklr m»ll 
Ciirt-wwl ^iramrm , . , 

4ml « riii’irr'% 

Hwill i f ^ 

Tilffiwhs 8.f4ft?i ...... 


IVn(ife#r8ki gpceti, feet 

|ier m«mU. 

Rhtio of 
veloclUes, 



VttUW to 


L.P. 

steam. 

70-Ho 

1 m-130 

0 . 4 S-O.S 


na»i|5 

o. 47 “^*S 


laCk-t^D 

o. 37 ”»o .47 

K5-100 

nH-135 ' 

0.48-0,52 

105 -t 10 


0.47-0,5 


i6o*3IO 

0.47-0.51 


Number 

of 

shafts. 


4 

3-4 

3 

4 

3“^ 

3”^ 


'rhi' Wrsiinghimsf ('«m|iany have aswl much higher veloc- 
ities tif vanes h»r clw'triial work than given in the above tables; 
as mut h as tyo fiti jht second fcjr the smallest cylinder and 
i(ys[ for the largest cylinthT. 

I'he blade height shouhl Ih* at least three per cent of the 
diameter of the lylinder in ortler to avoid excessive leakage 
over the tif»H. Mr. Sjjeakman says that leakage over the tips 
of the filiules Is |»erhaj« not so detrimental on account of actual 
h»s hy leakage as iR-cause it upsets calculations regarding 
jmsttges by increasing the steam volume. 

'rhe following et|uatbn rttprwenta Mr. Speakman’a diagram 
for tleamn«e.s over ilji« of vanes, 

*" j - 0,0. + 0.008 ihm. io foot. 


The {»ro|a»rtions *>f blades may be taken from the Mowing 
table : 

proihartionh ok bi^dks — inches. 


WiSh 

t 

A*i4l ^ 
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Mr. Parsons • gives for the efficiency of the steam in the 
turbine bladw themselves 0.70 to 0.80. 

♦ litil. Sami Anhn tW» 
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cylincit r’s Ik* i | und 2| link's the diameter of the small cylinders. 
Let the jKTijiherul s[K*etl he 0.75 of the steam velocity, then the 
hitter will he ioo feet jht .second. If the exit angles for guides 
nnd vanes In- taken as 20* and if the degree of reaction is 0.5, 
the veltKities anti angle.s will be represented by Fig. 116, page 
517. In that figure 

“ F, cos 30 ® a 0.940 F, ; 
anti as F is 0.75 F,, 

we have (o-h40 *■ 0.75) Fj ==» 0.190 F,. 

But Fj.sin 30 ® « 0.343 Ff, 

and tan 0.343 0.190 1.800 ^ ® 61®. 

l‘he angle p is given to the backs of the blade.s, and the angle at 
the fates is stiinewhat larger, as will ap{K*ar by Fig. 115, page 515 ; 
in t «>nse{|uen« e there is some impulse at the entrance to the vanes. 
To gel the relative veliK ity we have 

F/ - tf/ t gc' « (0-343’ + o-tyo’) F,* 

F, - 0.392 V^. 

But it is shtiwn on {«ge 517 that for the conditions chosen the 
imremr of veha ity in either guitka or vanes is equal to 

F| ’ Fj — (t ™ 0.393) F, » 0.608 X 300 »■ 182 
feet |>er secontl. 

Now the etjuatbn for vcUh ity when h thermal units are avail- 
tthlr is _ ___ 

V « Va X 33.3 X 778A, 

and lonverst'ly 

k iH/ i' ((*4.4 X 778) “ 0*661 

'rh» is the arwiunt with allowance for friction and leakage 
fmst the ends of the blades which has been assi^ed the factor 
0.6, at that f»>r the preliminary adiabatic computation we may 
take for one set of Idailes 
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aad for a stage, consisting of a set of guides and vanes, we may 
take for the basis of the determination of the proper number of 
stages 2.2 B.T.u. per pound of steam used. 

It appears on page 507 that adiabatic expansion from 165 
pounds absolute to one pound absolute gives 322 thermal units 
for the available heat. If this is to be distributed to the stages 
of a turbine with 2.2 units per stage, then the total number of 
stages will be 

322 4- 2.2 = 146 

stages . This is under the assumption that the turbine has a 
uniform diameter of rotor with 225 feet for the velocity of the 
vanes; we have, however, taken the intermediate diameter 
times the high-pressure and the low-pressure 2^ times. The 
peripheral velocities will have the same ratios, and the amounts 
of available heat per stage will be proportional to the squares of 
those ratios, namely, 2.25 and 6.25. Consequently the amounts 
of heat assigned per stage will be as follows : 

High-pressure Intermediate Low-pressure. 

2.2 4.9s 13*75 

If we decide to use ten low-pressures and twenty intermediate 
stages they will require 

10 X 13.7s + 20 X 4-95 = 236.5 B.T.U., 

leaving 85.5 thermal units which will require somewhat less 
than 39 stages. Reversing the operation it appears that one 
distribution calls for 

10 X 13.75 + 20 X 4-9S + 39 X 2.2 == 322 B.T.u. 

For convenience of manufacture it is customary to make 
. several stages identical, that is, with the same length of blades, 
clearances, etc. ; this of course will derange the velocities to some 
extent and interfere with the realization of the best economy. 
That part of the cylinder which has the same length of blades 
is known technically as a barrel. Let there be three barrels for 
each cylinder, making nine in ail, which may be conveniently 
numbered, beginning at the high-pressure end and may have 
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the number of stages assigned above. In that table is given also 
the number of the stage counting from the high-pressure end, 
which is at or near the middle of the length of the barrel, for 
which calculations will be made. The values of the heat con- 
tents xr \ q are readily found for each stage given in the table 
l»y .subtracting the amounts of heat changed into kinetic energy, 
down to that stage, allowing 3 .a for each stage of the high- 

f{ IMPOUND REACTION TURBINK. 
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pressure cvHnder, 4.U'; f«r each intermediate stage and 13.75 for 
each U.w 'pressure stage. For example, the fiftieth stage has 
its heat contents found by subtracting from the initial heat con- 
tents t UJ3, the amount 

3() X 3.2 + It X 4-05 ” f40'3. 

leaving for the heat contents after that stage 1053 thermal units. 
'I'he probable heat contents allowing for friction and leakage is 
found by subtracting the product of the above quantity by the , 
factor 0.6, (Jiving 


IK, 3 - 138 X 0.6 » I too B.T.ir. 

IfaviHR Ih.. valuB ■V'f + 1 in this w.y, the valuKi of 

x' can in. taiimi l.y subtracting the heat of the liquid y, ant 


Thr fiiiirtirlm. tif ilir ifilrffiir4iiit«'' ari4 
will lir 

i{^ -- sj.Hi X 14 ill.; «l^ — 1 i.^k ^ 

Thr trilfltl fcif titaiir nl itir •^rirtitli wsll Im* 
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ami thin length will be assigned to all the blades of the first 
barrel. The blades of the second and third barrels will have 
their lengths increased in proportion to the specific volumes at the 
middle of those barrels, as set down in the table. The effect 
of increasing the diameters of the intermediate and low-pres- 
.sure cj'linders is to increase the steam velocity, and the peripheral 
length of the .steam passage, both in proportion to the diameter. 
Consequently the lengths of the blades for these cylinders arc 
directly proportional to the proper specific volumes and inversely 
proportional to the squares of the diameters. Thus the length 
of the blade.s at the fQrty-.second stage, i.e., the middle of the 
fourth barrel is 

0.415 X 0.45 . , 

0.53a men* 

3-37 X i.s 

The lengths are computed for the other barrels in the same way, 
using a.5 for the ratio of the low-pressure diameter. 

Since the diameter of the small cylinder is 13.85 inches and 
the sjHtsl of the vanes on it is 335 feet per second, the revolutions 
IK?r minute are 

3 35 X 60 X t3 
13.85 JC 

Barsoas Turbiae. — The t's.sentml features of the Parsons 
turbine are shown by Fig. 117. Steam is admitted at A and 
[m.Heti in succi'ssion through the stages on the high-pressure 
cyliwier, am! thence through the pas.sagc at E to the stages of 
the intermwliate cylinder; after fmssing through the intermediate 
stag»« it jHitwes through G to the low-pressure stages and fijially 
by H to the comlenser. 

'I'he a-tial thrust is counterbalanced by the dummy cylinders, 
C, C, C\ the first receiving steam from the supply directly, the 
secoml from the passage l>etw*en the high and intermediate 
cylinders through the [»ipe F, and the third through the pipe near 
6* from the {m.ssage l«*twet?n the intermediate and low-pressure 
cylimlers. ta^akajp- {»ast the dummy cylinders is checked by laby- 
rinth packing, which Is variously arranged to give a succession 
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Parsons turbine in Savannah was made under the direction of 
Mr. B. R. T. Collins and reported by Messrs. H. O. C. Isenberg 
and J. Lage,* which is interesting because the steam consumption 
of the auxiliary machines was determined separately. The 
data and results of tests on the turbine are given in the following 
table. 

The tests made at full load with varying degrees of vacuum 
show clearly the advantage obtained in this machine from a 
good vacuum, which amounted to a saving of 


289 — 279 
289 


0-035. 


TESTS ON WESTINGHOUSE-PARSONS TURBINE. 
Collins, Isenberg and Lage. 



i load. 

f load. 

Full load. 


li load. 

lir load. 

Duration minutes 

60 

60 

60 

60 

60 ‘ 

■ 

45 

45 

Steam pressures, gauge . . . 


129 

128 

127 

128 

127 

125 

Vacuum inches 

28.1 

28.1 

25-7 

26.7 

28.0 

26.7 

26.6 

Revolutions per minute , . 

3616 

3601 

3602 

3612 

3562 

3540 

3537 

Load kilowatts 

260 

379 

493 

SOI 

499 

629 

733 

Steam consumption, pounds 
per kilowatt-hour .... 

24-3 

21.2 

20.7 

19.8 

19.7 

19.8 

20.2 

per electric h.p. per hour . 

18.1 

15.8 

15-6 

14.8 

14.7 

14.7 

I5-I 

Heat consumption b.t.u. 
per kilowatt-minute 

462 

403 

494 

375 

374 

373 

3S1 

per horse-power per minute 

345 

301 

289 

284 

279 

278 

283 


A great importance is attributed by turbine builders to obtaining 
a low vacuum, in many cases special air-pumps and other devices 
being used for that purpose. Unless discretion is shown both 
in the design and operation of this auxiliary machinery, its size 
and steam consumption is likely to be excessive, and what appears 
to be gained from the vacuum may be entirely illusory. 

* Thesis, M.I.T. 1906. 
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i2mo, morocco, 

Furman’s Manual of Practical Assaying Svo, 

Lodge's Notes on Assaying and Metallurgical Laboratory Experiments. . . .Svo, 

Low’s Technical Methods of Ore Analysis Svo, 

Miller's Manual of Assaying i2ino, 

Cyanide Process i2mo, 

Minet's Production of Aluminum and its Industrial Use. (Waldo. ) i2mo, 

O’Driscoll’s Notes on the Treatment of Gold Ores Svo, 

Ricketts and Miller’s Notes on Assaying Svo, 

Robine and Lenglen’s Cyanide Industry. (Le Clerc.) Svo, 

Hike's Modern Electrol3rtic Copper Refining Svo, 

Wilson's Cyanide Processes i2mo, 

Cblorination Process iimo, 


ASTRONOMY. 

Comstock’s Field Astronomy for Engineers Svo, 2 50 


. .Svo, 

2 50 


. . . 4 to, 

3 50 


. . . Svo, 

3 00 

; *■ 

. .Svo, 

4 oo 


. .SVo, 

2 so 

; > 

, . .Svo, 

3 00 

r '( 

, . .Svo, 

2 50 


. . Svo, 

3 00 

' V 

. ismo, 

2 00 

' i 


BOTANY. 




Davenport’s Statistical Methods, with Special Reference to Biological Variation. 

i6mo, morocco, i 25 

Thom^ and Bennett’s Structural and Physiological Botany i6mo, 2 25 

Westermaier’s Compendium of General Botany. (Schneider.) 8vo, 2 00- 

CHEMISTRY. 

* Abegg’s Theory of Electrolytic Dissociation. (Von Ende.) i2mo, i 25 

Adriance’s Laboratory Calculations and Specific Gravity Tables i2mo, i 25 

Alexeyeff’s General Principles of Organic Synthesis. (Matthews.) 8vo, 3 00 

Allen’s Tables for Iron Analysis 8vo, 3 00 

Arnold’s Compendium of Chemistry. (Mandel.) Small 8vo, 350 

•Austen’s Notes for Chemical Students . . . 12 mo, i 50 

IBeard’ s Mine Gases and Explosions . (In Press. ) 

•Bernadou’s Smokeless Powder. — Nitro-cellulose, and Theory of the Cellulose 

Molecule 12 mo, 2 50 

, Bolduan’s Immune Sera 12mo, 1 50 

* Browning’s Introduction to the Rarer Elements 8vo, i 50 

Brush and Penfield’s Manual of Determinative Mineralogy 8vo, 4 00 

* Claassen’s Beet-sugar Manufacture. (Hall and Rohe.) 8vo,^ 3 00 

' Classen’s Quantitative Chemical Analysis by Electrolysis. (Boltwood.) . .8vo, 3 00 

•Cohn’s Indicators and Test-papers r2mo, 2 00 

Tests and Reagents 8vo, 3 00 

"^rafts’s Short Course in Qualitative Chemical Analysis. (Schaeffer.). . .i2mo, r 50 

* DanneeTs Electrochemistry. (Merriam.) i2mo, 125 

Dolezalek's Theory of the Lead Accumulator (Storage Battery). (Von 

Ende.) i2mo, 2 50 

Drechsel’s Chemical Reactions. (Merrill.) i2mo, 125 

Duhem’s Thermodynamics and Chemistry. (Burgess.) 8vo, 400 

Eissler’s Modern High Explosives 8vo, 4 00 

Effront’s Enzymes and their Applications. (Prescott.) 8vo, 3 00 

Erdmann’s Introduction to Chemical Preparations. (Dunlap.) i2mo, 1 2 S 

* Fischer ’ 8 Physiology of Alimentation Large l2mo, 2 00 

Fletcher’s Practical Instructions in Quantitative Assaying with the Blowpipe. 

jC2mo, morocco, 1 50 

Fowler’s Sewage Works Analyses i2mo, 2 00 

Fresenius’s Manual of Qualitative Chemical Analysis. (Wells.) Svo, 5 00 

Ti^anual of Qualitative Chemical Analysis. Part I, Descriptive. (Wells.) Svo, 3 00 

Quantitative Chemical Analysis. (Cohn.) 2 vols Svo, 12 50 

Fuertes’s Water and Public Health i2mo, i 50 

Furman’s Manual of Practical Assaying Svo, 3 00 

^ Getman’s Exercises in Physical Chemistry i2mo, 2 00 

Gill’s Gas and Fuel Analysis for Engineers. i2mo, i 25 

* Gooch and Browning’s Outlines of Qualitative Chemical Analysis. Small Svo, i 25 

Grotenfelt’s Principles of Modem Dairy Practice. (Woll.) i2mo, 2 00^ 

Groth’s Introduction to Chemical Crystallography (Marshall) i2mo, i 23 

Hammarsten’s Text-book of Physiological Chemistry. (Mandel.) Svo, 4 00 

Hanausek’s Microscopy of Technical Products. (Winton.) Svo, 5 00 

^ HasMn’s and MacLeod’s Organic Chemistry 12 mo, 2 00 

Helm’s Principles of Mathematical Chemistry. (Morgan.) i2mo, i so 

Herlng’s Ready Reference Tables (Conversion Factors) i6mo, morocco, 2 50 

Herrick’s Denatured or Industrial Alcohol 8vo, 4 bo 

Hind’s Inorganic Chemistry. 8vo, 3 00 

=* Laboratory Manual for Students i2mo, 1 00 

HoUeman’s Text-book of Inorganic Chemistry, (Cooper.) Svo, 2 so 

Text-book of Organic Chemistry. (Walker and Mott.) Svo, 2 56 

* Laboratory Manual of Organic Chemistry. (Walker.). i 2 mo, i o<» 
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Holley and Ladd’s Analysis of Mixed Paints, Color Pigments , and Varnislies. 
(In Press) 

Hopkins’s Oil-chemists* Handbook 8vo, 

IddLngs’s Rock Minerals 8vo, 

Jackson’s Directions for Laboratory Work in Physiological Chemistry. .8vo, 
Johannsen’s Key for the Determination of Rock-forming Minerals in Thin Sec- 
tions. (In Press) 

Keep’s Cast Iron 8vo, : 

iadd’s Manual of Quantitative Chemical Analysis i 2 mo, 

Landauer’s Spectrum Analysis. (Tingle.) 8vo, 

■* Lang^worthy and Austen. The Occurrence of Aluminium in Vegetable 

Products, Animal Products, and Natural Waters 8vo, 

Lassar-Cohn’s Application of Some General Reactions to Investigations in 

Organic Chemistry. (Tingle.) i 2 mo, 

Leach’s The Inspection and Analysis of Food with Special Reference to State 

Control 8vo, 

Lob’s Electrochemistry of Organic Compounds. (Lorenz.) 8vo, 

Lodge’s Notes on Assaying and Metallurgical Laboratory Experiments 8vo, 

Low’s Technical Method of Ore Analysis 8vo, 

Lunge’s Techno-chemical Analysis. (Cohn.) i 2 mo 

* McKay and Larsen’s Principles and Practice of Butter-making 8vo, 

Maire ’ s Modem Pigments and their vehicles . ( In press. ) 

Mandel's Handbook for Bio-chemical Laboratory i 2 mo, 

* Martin’s Laboratory Guide to Qualitative Analysis with the Blowpipe . . i 2 mo. 
Mason’s Water-supply. (Considered Principally from a Sanitary Standpoint.) 

3 d Edition, Rewritten 8vo, 

Examination of Water, (Chemical and Bacteriological.) i 2 mo, 

Matthew’s The Textile Fibres. 2 d Edition, Rewritten 8vo, 

Meyer’s Determination of Radicles in Carbon Compounds. (Tingle.). .i 2 mo, 

Miller’s Manual of Assaying i 2 mo. 

Cyanide Process i 2 mo, 

Minet’s Production of Aluminum and its Industrial Use. (Waldo.) .... i 2 rao, 

Mixter’s Elementary Text-book of Chemistry i 2 mo, 

Morgan’s An Outline- of the Theory of Solutions and its Results i 2 mo, 

Elements of Physical Chemistry i 2 mo, 

* Physical Chemistry for Electrical Engineers i 2 mo, 

Morse’s Calculations used in Cane-sugar Factories i6mo, morocco, 

* Mu'r’s H' story of Chemical Theories and Laws 8vo, 

Mulliken’s General Method for the Identification of Pure Organic Compounds. 

Vol. I Large 8vo, 

O’Driscoll’s Notes on the Treatment of Gold Ores 8vo, 

Ostwald’s Conversations on Chemistry. Part One. (Ramsey.) i 2 mo, 

** “ “ Part Two. (Turnbull.) I 2 in 0 , 

* Palmer’s Practical Test Book of Chemistry i2mo, 

^ Pauli’s Physical Chemistry in the Service of Medicine. (Fischer.) . . . . i 2 mo, 

Penfield.’s Notes on Determinative Mineralogy and Record of Mineral Tests. 

8vo, paper, 

Pictet’s The Alkaloids and their Chemical Constitution. (Biddle.) 8vo, 

Pinner’s Introduction to Organic Chemistry. (Austen.) .i 2 ino, 

Poole’s Calorific Power of Fuels " .8vo, : 

Prescott and Winslow’s Elements of Water Bacteriology, with Special Refer- 
ence to Sanitary Water Analysis .' lamo, 

* Reisig’s Guide to Piece-dyeing . ... - .8vo, 3 

Richards and Woodman’s Air, Water, and Food from a Sanitary Standpoint.Bvo, 

Ricketts and Miller’s Notes on Assaying . .8vo< 

Rideal’s Sewage and the Bacterial Purification of Sewage .8vo, . 

Disinfection and the Preservation df Food. . . '.8voi - 

Riggs’s Elementary Manual for the Chemical Laboratory. . . ". i . . . . . .'Svo," 

Rohine and Lenglen’s Cyanide Industry. (Le Clerc.). 8vo, - 
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Ruddiman's Incompatibilities in Prescriptions 8vO| 2 00 

* Whys in Pharmacy i2mo, i 00 

Sabin’s Industrial and Artistic Technology of Paints and Varnish Svq, 3 00 

Salkowski’s Physiological and Pathological Chemistry. (Orndorff.) 8vo, 2 50 

Schimpf’s Text-book of Volumetric Analysis lamo, 2 50- 

Essentials of Volumetric Analysis i2mo, i 25 

* Qualitative Chemical Analysis 8vo, t 25 

Smith’s Lecture Notes on Chemistry for Dental Students 8vo, 2 50 

Spencer’s Handbook for Chemists of Beet-sugar Houses i6mo, morocco 3 00 

Handbook for Cane Sugar Manufacturers i6mOj morocco, 3 00 

Stockbridge’s Rocks and Soils 8vo> 2 50 

* Tillman’s Elementary Lessons in Heat 8vo, i 50 

* Descriptive General Chemistry. • 8vo» 300 

Treadwell’s Qualitative Analysis. (Hall.) • 8vor 300 

Quantitative Analysis. (Hall.) 8vo, 4 00 

Turneaure and Russell’s Public Water-supplies 8vo, 5 00 

Van Deventer’s Physical Chemistry for Beginners. (Boltwood.) i2mo, i 50 

* Walke’s Lectures on Explosives 8vo, 4 ©O’ 

Ware’sBeet-sugar Manufacture and Refining. Vol. I Small 8vo, 400 

“ “ “ “ “ Vol. II SmallSvo, 5 co- 

Washington’s Manual of the Chemical Analysis of Rocks 8vo, 2 00 

Weaver’s Military Explosives 8vo, 3 00 

Wehrenfennig’s Analysis and Softening of Boiler Feed-Water 8vo, 4 00 

Wells’s Laboratory Guide in-Qualitative Chemical Analysis 8vo, i 50 

Short Course in Inorganic Qualitative Chemical Analysis for Engineering 

Students i2mo, i 50 

Text-book of Chemical Arithmetic 12 mo, 125 

Whipple’s Microscopy of Drinking-water 8vo, 3 50 

Wilson's Cyanide Processes i2rao, i $0 

Chlorination Process i2rno, i 50 

Winton's Microscopy of Vegetable Foods 8vo, 7 5» 

Wulling’s Elementary Course in Inorganic, Pharmaceutical, and Medical 

Chemistry 2 00 


CIVIL ENGINEERING. 

BRIDGES AND ROOFS. HYDRAULICS. MATERIALS OF ENGINEERING 
RAILWAY ENGINEERING. 


Baker’s Engineers’ Surveying Instruments i2mo, 3 06 

Bixby’s Graphical Computing Table Paper i9^X24i inches. ds 

Breed and Hosmer’s Principles and Practice of Surveying 8vo, 3 00 

* Burr’s Ancient and Modern Engineering and the Isthmian Canal 8vo, 3 so 

Comstock's Field Astronomy for Engineers 8vo, 2 50 

* Corthell’s Allowable Pressures on Deep Foundations i2mo, i 25 

Crandall’s Text-book on Geodesy and Least Squares 8vo, 3 00 

Davis’s Elevation and Stadia Tables. 8vo, i 00 

Elliott’s Engineering for Land Drainage i2mo, i 50 

Practical Farm drainage i2mo, i 00 

♦Fiebeger’s Treatise on Civil Engineering 8vo, 5 00 , 

Flemer’s Phototopogpraphic Methods and Instruments 8vo, 5 00 

Fol^eli’s Sewierage. , (Designiqg. and Maintenance:). 8vo, 3 00 

FreiWg’s Architectural Engineering, ad Edition, Rewritten 8vo, 3 So 

French and Ives’s Stereotomy 8vo, 2 50 

Goodhue's Municipal Improvements i 50 

Gore’s Elements of Geodesy ®vo, 2 50 

* Hauch and Rice 's Tables of Quantities for Preliminary Estimates l2mo, 1 25 

Hayford’s Text-book of Geodetic Astronomy Sw# 3 00 
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Hering’s Ready Reference Tables (Coilversion Factors) i6nio, morocco, 2 So 

Howe’s Retaining Walls for Earth. i2mo, i 25 

Hoyt and Grover’s River Discharge 8vo, 2 00 

^ Ives’s Adjustments of the Engineer’s Transit and Level i6mo, Bds. 25 

Ives and Hilts's Problems in Surveying i6mo, morocco, i 50 

Johnson’s (J. B.) Theory and Practice of Surveying Small 8vo, 4 00 

Johnson’s (L. J.) Statics by Algebraic and Graphic Methods 8vo, 2 00 

Laplace’s Philosophical Essay on Probabilities. (Truscott and Emory.). i2mo, 2 00 

Mahan’s Treatise on Civil Engineering, (1873.) (Wood.) 8vo, 500 

* Descriptive Geometry. 8vo, 1 so 

Merriman’s Elements of Precise Survesring and Geodesy 8vo, 2 50 

Merriman and Brooks’s Handbook for Surveyors i6mo, morocco, 2 00 

Nugent’s Plane Surveying 8vo, 3 50 

Ogden’s Sewer Design r2mo, 2 00 

Parsons’s Disposal of Municipal Refuse. 8vo, 2 00 

Patton’s Treatise on Civil Engineering 8vo half leather, 7 50 

Reed’s Topographical Drawing and Sketching 4to, s 00 

Rideal’s Sewage and the Bacterial Purification of Sewage 8vo, 4 00 

Riemer’s Shaft-sinking under Difficult Conditions. (Coming and Peele.) . .8vo, 3 00 

Siebert and Biggin’s Modern Stone-cutting and Masonry 8vo, 1 50 

Smith’s Manual of Topographical Drawing. (McMillan.) 8vo, 2 50 

iSondericker’s Graphic Statics, with Applications to Trusses, Beams, and Arches. 

8vo, 2 00 

Laylor and Thompson’s Treatise on Concrete, Plain and Reinforced 8vo, 5 00 

•Tracy’s Plane Surveying l6mo, morocco, 3 00 

* Trautwine’s Civil Engineer's Pocket-book i 6 mo, morocco, 5 00 

Venable’s Garbage Crematories in America 8vo, 2 00 

Wait’s Engineering and Architectural Jurisprudence 8vo, 6 00 

Sheep, 6 50 

Law of Operations Preliminary to Construction in Engineering and Archi- 
tecture 8vo, S CO 

Sheep, 5 So 

Law of Contracts 8vo, 3 00 

Warren’s Stereotomy — Problems in Stone-cutting 8vo, 2 50 

Webb’s Problems in the Use and Adjustment of Engineering Instruments. 

idmo, morocco, i 25 

Wilson’s Topographic Surveying 8 vo, 3 So 

BRIDGES AND ROOFS. 

Boiler’s Practical Treatise on the Construction of Iron Highway Bridges. .8vo, 2 00 

Burr and Falk’s Influence Lines for Bridge and Roof Computations 8 vo, 3 00 

Design and Construction of Metallic Bridges 8vo, s 00 

Du Bois's Mechanics of Engineering. Vol. 11 Small 4to, 10 00 

Poster’s Treatise on Wooden Trestle Bridges 4*0, 5 00 

Fowler’s Ordinary Foundations 8 vo, 3 SO 

•Greene's Roof Trusses ^^5 

Bridge Trusses ^ 50 

Arches in Wood, Iron, and Stone Svo, 2 50 

Grimm’s Secondary Stresses in Bridge Trusses. (Tn Press. ) 

Howe’s Treatise on Arches 4 00 

Design of Simple Roof-trusses in Wood and Steel 8vo, 2 00 

S3mimetrical Masonry Arches 8vo, 250 

Johnson, Bryan, and Turneaure’s Theory and Practice in the Designing of 

Modern Framed Structures Small 4to, 10 op 

Merriman and Jacoby’s Text-book on Roofs and Bridges i 

Part I. Stresses in Simple Trusses 8vo, 2 50 

Partn. Graphic Statics 8vo, 230 

Partm. Bridge Design 8vo, 2 50 

Partly. Higher Structures 8vo, 2 50 
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Morison’s Memphis Bridge. 4^0, lo oo 

Waddell’s De Pontibus, a Pocket-book for Bridge Engineers. . i6mo, morocco, 2 00 

Specifications for Steel Bridges i2mo, 50 

Wright’s Designing of Draw-spans. Two parts in one volume 8vo, 3 50- 

HYDRAULICS. 

Barnes’s Ice Formation 8vo, 3 oo^ 

Bazin’s Experiments upon the Contraction of the Liquid Vein Issuing from 

an Orifice. (Trautwine.) 8vo, 2 00 

Bovey’s Treatise on Hydraulics 8vo, s 00^ 

Church’s Mechanics of Engineering 8vo , 6 oo- 

Diagrams of Mean Velocity of Water in Open Channels paper, i so» 

Hydraulic Motors. , 8vo, 200- 

CoflSn’s Graphical Solution of Hydraulic Problems i6mo, morocco, 2 so- 

Flather’s Dynamometers, and the Measurement of Power i2mo, 3 00 

Folwell’s Water-supply Engineering 8vo, 4 oo- 

Friz ell’s Water-power 8vo, 5 oo- 

Fuertes’s Water and Public Health i2mo, i sO' 

Water-filtration Works i2mo, 2 50- 

Ganguillet and Kutter’s General Formula for the Uniform Flow of Water in 

Rivers and Other Channels. (Hering and Trautwine.) 8vo, 4 oo' 

Hazen’s Clean Water and How to Get It Large i 2 mo, 1 5 o 

Filtration of Public Water-supply Svo, 3 oO' 

Hazlehurst’s Towers and Tanks for Water-works .8vo, 2 so 

Herschel's 115 Experiments on the Carrying Capacity of Large, Riveted, Metal 

Conduits 8vo, 2 oo* 

* Hubbard and Kiersted’s Water- works Management and Maintenance. . . 8vo, 4 00 

Mason’s Water-supply. (Considered Principally from a Sanitary Standpoint.) 

Svo, 4 oo>- 

Merriraan’s Treatise on Hydraulics 8vp, S oo- 

* Michie’s Elements of Analytical Mechanics Svo, 4 00 

Schuyler’s Reservoirs for Irrigation, Water-power, and Domestic Water- 

supply • • .Large Svo, 5 00 

* Thomas and Watt’s Improvement of Rivers 4 l<^» 6 00- 

Turneaure and Russell’s Public Water-supplies Svo, s 00 

Wegmann’s Design and Construction of Dams. Sfh Edition, enlarged. . .4to, 6 oo- 

Water-supply of the City of New York from 1658 to 1895 4 to» 10 

Whipple’s Value of Pure Water Large i2mo, i 00 

Williams and Hazen’s Hydraulic Tables Svo, 1 50 

Wilson’s Irrigation Engineering Small Svo, 4 oo>- 

Wolff’s Windmill as a Prime Mover Svo, 3 00* 

Wood’s Turbines Svo, 2 50* 

Elements of Analytical Mechanics Svo, 3 00- 

MATERIALS OF ENGINEERING. 

Baker’s Treatise on Masonry Construction Svo. 5 00 

Roads and Pavements Svo, 5 00 

Black’s United States Public Works Oblong 4to, 5 00 

* Bovey’s Strength of Materials and Theory of Structures Svo, 7 5 o 

Burr’s Elasticity and Resistance of the Materials of Engineering Svo, 7 50 

Byrne’s Highway Construction Svo, 5 00 

Inspection of the Materials and Workmanship Employed in Construction. 

i 6 mo, 3 00 

Church’s Mechanics of Engineering Svo, 6 00- 

Du Bois’s Mechanics of Engineering. Vol. I Small 4to 7 

’♦‘Eckel’s Cements, Limes, and Plasters 8vo, 6 00 
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Jolmson's Materials of Construction Large 8vo, 

Fowler's Ordinary Foundations 8vo, 

Graves’s Forest Mensuration ,..*.***** * * * * . * * * * ' * ’ * ’ * * ’ . * . *8vo 

* Greene’s Structural Mechanics [svo. 

Keep’s Cast Iron 8vo' 

Lanza’s AppUed Mechanics .Svo] 

Martens’s Handbook on Testing Materials. (Henning.) 2 vols 8vo! 

Maurer’s Technical Mechanics Syo 

Merrill's Stones for Building and Decoration 8vo, 

Merriman’s Mechanics of Materials 8vo 

* Strength of Materials 12 mo, 

Metcalf’s Steel. A Manual for Steel-users lamo, 

Patton’s Practical Treatise on Foundations 8vo, 

Richardson’s Modern Asphalt Pavements 8vo, 

Richey’s Handbook for Superintendents of Construction i6mo, mor., 

* Ries’s Clays: Their Occurrence, Properties, and Uses 8vo, 

Rockwell’s Roads and Pavements in France i2mo, 

Sabin’s Industrial and Artistic Technology of Paints and Varnish 8vo, 

♦Schwarz’s LongleafPine in Virgin Forest lamo, 

Smith’s Materials of Machines i2mo, 

Snow’s Principal Species of Wood 8vo, 

Spalding’s Hydraulic Cement i2mo, 

Text-book on Roads and Pavements i2mo, 

Taylor and Thompson’s Treatise on Concrete, Plain and Reinforced 8vo, 

Thurston’s Materials of Engineering. 3 Parts 8vo, 

Part I. Non-metailic Materials of Engineering and Metallurgy 8vo, 

Part II. Iron and Steel 8vo, 

Part III. A Treatise on Brasses, Bronzes, and Other Alloys and their 

Constituents 8vo , 

Tillson's Street Pavements and Paving Materials 8vo, 

Tunieaure and Maurer’s Principles of Reinforced Concrete Constructfon.. .Svo, 
Waddell’s Be Pontibus. (A Pocket-book for Bridge Engineers.) . . i6mo, mor., 

* Specifications for Steel Bridges i2mo, 

Wood’s (De V.) Treatise on the Resistance of Materials, and an Appendix on 

the Preservation of Timber 8vo, 

Wood’s (De V.) Elements of Analytical Mechanics 8vo, 

Wood’s (M. P.) Rustless Coatings: Corrosion and Electrolysis of Iron and 

Steel 8vo, 


RAILWAY ENGINEERING. 


Andrew’s Handbook for Street Railway Engineers 3x5 inches, morocco, 

Berg’s Buildings and Structures of American Railroads 4to, 

Brook’s Handbook of Street Railroad Location i6mo, morocco, 

Butt’s Civil Engineer’s Field-book i6mo, morocco, 

Crandall’s Transition Curve i6mo, morocco, 

Railway and Other Earthwork Tables. . 8vo, 

Crookett’s Methods for Earthwork Computations. (In Press) 

Dawson's “Engineering” and Electric Traction Pocket-book - . i6mo, morocco 

Dredge’s History of the Pennsylvania Raikoad: (1879) Paper, 

Fisher's Table of Cubic Yards Cardboard, 

Godwin’s Railroad Engineers’ Field-book and Explorers’ Guide. . .i6mo, mor., 
Hudson’s Tables for Calculating the Cubic Contents of Excavations and Em- 
bankments 

Molitor and Beard’s Manual for Resident Engineers. . i6mo, 

Nagle’s Field Manual for Railroad Engineers i6mo, morocco, 

Philbrick’s Field Manual for Engineers i6mo, morocco, 


Raymond’s Elements of Railroad Engineering. (In Press.) 

f) 
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Searles’s Field Engineering i6ino, morocco, 3 00 

Railroad Spiral idmo, morocco, 2 50 

Taylor's Prismoidal Formulae and Earthwork. ’ 8vo, 1 50 

♦ Trautwine's Method of Calculating the Cube Contents of Excavations and 

Embankments by the Aid of Diagrams. 8vo, 2 00 

The Field Practice of Laying Out Circular Curves for Railroads. 

i2mo, morocco, 2 go 

Cross-section Sheet Paper, 25 

Webb's Railroad Construction i6mo, morocco, 5 00 

Economics of Railroad Construction Large 12 mo, 2 go 

Wellington’s Economic Theory of the Location of Railways Small 8vo., 5 00 


DRAWING. 


Barr’s Kinematics of Machinery 8vo, 2 50 

* Bartlett’s Mechanical Drawing 8vo , 3 00 

* ** ** ** Abridged Ed 8vo, i 50 

Coolidge’s Manual of Drawing 8vo, paper, i 00 

Coolidge and Freeman’s Elements of General Drafting for Mechanical Engi- 
neers Oblong4to, 2 go 

Durley’s Kinematics of Machines 8vo, 4 00 

Emch’s Introduction to Projective Geometry and its Applications 8vo, 2 go 

Hill’s Text-book on Shades and Shadows, and Perspective 8vo, 2 00 

Jamison’s Elements of Mechanical Drawing 8vo, 2 50 

Advanced Mechanical Drawing 8vo, 2 00 

Jones’s Machine Design: 

Parti. Kinematics of Machinery 8vo, i go 

Part n. Form, Strength, and Proportions of Parts ,8vo, 3 00 

MacCord’s Elements of Descriptive Geometry. 8vo, 3 00 

Kinematics; or, Practical Mechanism 8vo, g 00 

Mechanical Drawing 4to, 4 00 

Velocity Diagrams 8vo, i 50 

MacLeod’s Descriptive Geometry Small Svo, i 50 

* Mahan’s Descriptive Geometry and Stone-cutting 8vo, i go 

Industrial Drawing. (Thompson.) 8vo, 3 go 

Moyer’s Descriptive Geometry 8vo, 2 00 

Reed’s Topographical Drawing and Sketching 4to, g 00 

Reid’s Course in Mechanical Drawing 8vo, 2 00 

Text-book of Mechanical Drawing and Elementary Machine Design. 8vo, 3 00 

Robinson’s Principles of Mechanism 8vo, 3 00 

Schwamb and Merrill’s Elements of Mechanism 8vo, 3 00 

Smith's (R. S.) Manual of Topographical Drawing. (McMillan.) 8vo, 2 go 

Smith (A. W.) and Marx’s Machine Design 8vo, 3 00 

* Titsworth’s Elements of Mechanical Drawing Oblong 8vo, i 25 

Warren’s Elements of Plane and Solid Free-hand Geometrical Drawing. i2mo, i 00 

Drafting Instruments and Operations i2mo, i 25 

Manual of Elementary Projection Drawing i2mo, i go 

Manual of Elementary Problems in the Linear Perspective of Form and 

Shadow 12 mo, i 00 

Plane Problems in Elementary Geometry i2mo, i 2g 

Elements of Descriptive Geometry, Shadows, and Perspective 8vo, 3 go 

General Problems of Shades and Shadows 8vo, 3 00 

Elements of Machine Construction and Drawing .8vo, 7 go 

Problems, Theorems, and Examples in Descriptive Geometry 8vo, 2 go 

Wcisbach’s Kinematics and Power of Transmission. (Hermann and 

Klein.) 8vo, 5 

Whelpley’s Practical Instruction in the Art of Letter Engraving 12 mo, 2 00 

Wilson’s (H. M.) Topographic Surveying 8 vo, 3 So 
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'Wilson’s (V. T. ) Free-hand Perspective 2 20 

Wilson’s (V. T.) Free-hand Lettering .Svo] 1 00 

Woolf’s Elementary Course in Descriptive Geometry. ........... .Large 8vo! 3 00 

ELECTRICITY AND PHYSICS. 

* Abegg’s Theory of Electrolytic Dissociation. (Von Ende.) . . . i2mo, i 25 

Anthony and Brackett’s Text-book of Physics. (Magie. ) SmaU 8vo, 3 00 

Anthony’s Lecture-notes on the Theory of Electrical Measurements x2mo, i 00 

Benjamin’s History of Electricity. 3 oo 

Voltaic Cell 8vo, 3 00 

Betts’s Lead Refining and Electrolysis. (In Press.) 

Classen’s Quantitative Chemical Analysis by Electrolysis. (Boltwood,).8vo, 3 00 

^ Collins’s Manual of Wireless Telegraphy i2mo, i so 

Morocco, 2 00 

Crehore and Squier’s Polarizing Photo-chronograph 8vo, 3 00 

■* Danneel’s Electrochemistry. (Merriam.) i2mo, 1 25 

Dawson’s “Engineering” and Electric Traction Pocket-book. i6mo, morocco*, s 00 
Dolezalek’s Theory of the Lead Accumulator (Storage Battery). (Von Ende.) 

i2mo, 2 50 

Duhem’s Thermodynamics and Chemistry. (Burgess.) 8vo, 400 

Flather’s Dynamometers, and the Measurement of Power i2mo, 3 00 

Gilbert’s De Magnete. (Mottelay.) 8vo, 2 50 

Hanchett’s Alternating Currents Explained i2mo, i 00 

Bering’s Ready Reference Tables (Conversion Factors) lomo, morocco, 2 50 

Hobart and Ellis’s High-speed Dynamo Electric Machinery. (In Press.) 

Holman’s Precision of Measurements 8vo, 2 00 

Telescopic Mirror-scale Method, Adjustments, and Tests. . . .Large 8vo, 75 
Karapetoff’s Experimental Electrical Engineering. (In Press.) 

Kinzbrunner’s Testing of Continuous-current Machines 8vo, 2 00 

Landauer’s Spectrum Analysis. (Tingle.) 8vo, 300 

Le Chatelier’s High-temperature Measurements. (Boudouard — Burgess.) i2mo, 3 00 
Lob’s Electrochemistry of Organic Compounds. (Lorenz.) 8vo, 30a 

* Lyons’s Treatise on Electromagnetic Phenomena. Vols. I. and II. 8vo, each, 6 00 

* Michie’s Elements of Wave Motion Relating to Sound and Light. 8vo, 4 00 

Niaudet’s Elementary Treatise on Electric Batteries. (Fishback.) i2mo, 2 50 

Horris’s Introduction to the Study of Electrical EngineeriSig. (In Press.) 

* ParahaH and Hobart’s Electric Machine Design 4to, half morocco, 12 50 

Reagan’s Locomotives: Simple, Compound, and Electric. New Edition. 

Large i2mo, 3 50 

* Rosenberg’s Electrical Engineering. (Haldane Gee — Kinzbrunner.). . .8vo, 2 00 

Ryan, Norris, and Hoxie’s Electrical Machinery. Vol. 1 8vo, 2 50 

Thurston’s Stationary Steam-engines 8vo, 2 50 

Tillman’s Elementary Lessons in Heat 8vo, i 50 

Tory and Pitcher’s Manual of Laboratory Physics. Small 8vo, 2 00 

Dike’s Modern Electrolytic Copper Refining 8vo, 3 00 


'* Davis’s Elements of Law 8vo, 2 50 

Treatise on the Military Law of United States 8vo, 7 00 

* Sheep, 7 5® 

♦ Dudley’s Military Law and the Procedure of Courts-martial . , . Large izmo, 2 50 

Manual for Courts-martial i6mo, morocco. 1 so 

Wait’s Engineering and Architectural Jurisprudence 8vo, 6 00 

Sheep, 6 50 

Law of Operations Preliminary to Construction in Engineering and Archi- 
tecture 8vo 5 00 

Sheep, 5 50 

Law of Contracts 8vo, 3 00 

Wintbrop’s Abridgment of Military Law lamo, 2 50 
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MANUFACTURES. 


Bernadou’s Smokeless Powder— Nitro-cellulose and Theory of the Cellulose 

Molecule 

BoUand’s Iron Founder 

The Iron Founder,” Supplement 1 2 mo , 

Encyclopedia of Founding and Dictionary of Foundry Terms Used in the 
Practice of Moulding mo, 

* Claassen’s Beet-sugar Manufacture. (Hall and Rolfe.) 8vo, 

* Eckel’s Cements, Limes, and Plasters 8vo, 

Eissler’s Modern High Explosives 

Effront’s Enzymes and their Applications. (Prescott.) 8vo, 

Fitzgerald’s Boston Machinist 

Ford’s Boiler Making for Boiler Makers i8mo, 

Herrick’s Denatured or Industrial Alcohol. . .8vo, 

Honey and Ladd’s Analysis of Mixed Paints, Color Pigments, and Varnishes. 

(In Press.) 

Hopkins’s Oil-chemists* Handbook 

Keep’s Cast Iron 

Leach’s The Inspection and Analysis of Food with Special Reference to State 
Control Large 8vo, 

* McKay and Larsen’s Principles and Practice of Butter-making 8vo, 

Maire’s Modem Pigments and their Vehicles. (In Press.) 

Matthews’s The Textile Fibres. 2 d Edition, Rewritten 8vo, 

Metcalf’s Steel. A Maunal for Steel-users i 2 mo, 

Metcalfe’s Cost of Manufactures —And the Administration of Workshops . 8vo, 

Meyer’s Modern Locomotive Construction • • 4to, 

Morse’s Calculations used in Cane-sugar Factories i6mo, morocco, 

* Reisig’s Guide to Piece-dyeing 8vo, 

Rice’s Concrete-block Manufacture 8vo, 

Sabin’s Industrial and Artistic Technology of Paints and Varnish 8vo, 

Smith’s Press-working of Metals • 8vo, 

Spalding’s Hydraulic Cement i 2 mo, 

Spencer’s Handbook for Chemists of Beet-sugar Houses i6mo, morocco, 

Handbook for Cane Sugar Manufacturers i6mo, morocco, 

Taylor and Thompson’s Treatise on Concrete, Plain and Reinforced 8vo, 

Thurston’s Manual of Steam-boilers, their Designs, Construction and Opera- 
tion 

Ware’s Beet-sugar Manufacture and Refining. Vol. I Small 8vo, 

« i* « «« “ Vol. II 8vo, 

Weaver’s Military Explosives 8vo, 

West’s American Foundry Practice i 2 mo, 

Moulder’s Text-book i 2 mo, 

Wolff’s Windmill as a Prime Mover 8vo, 

Wood’s Rustless Coatings; Corrosion and Electrolysis of Iron and Steel . . 8vo, 


IVLATHEMATICS. 


Baker’s EHiptic Functions 8vo, 

Briggs’s Elements of Plane Analytic Geometry izmo, 

Buchanan’s Plane and Spherical Trigonometry. (In Press.) 

Compton’s Manual of Logarithmic Computations izmo, 

Davis’s Introduction to the Logic of Algebra 8vo, 

’•‘Dickson’s College Algebra Large i 2 mo, 

^ Introduction to the Theory of Algebraic Equations Large i 2 mo, 

Emch’s Introduction to Projective Geometry and its Applications 8vo, 

Halsted’s Elements of Geometry - -Svo, 

Elementary Synthetic Geometry 8vo, 

* Rational Geometry . i 2 mo, 
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♦Johnson's (J. B.) Three-place Logarithmic Tables: Vcst-ppcket size, paper,' 

300 copies for 

* Mounted on heavy cardboard, 8Xio inches, 

lo copies for 

Johnson’s (W. W.) Elementary Treatise on Differential Calculus . .Small 8vo, 
Elementary Treatise on the Integral Calculus Small 8vo, 

Johnson's (W. W.) Curve Tracing in Cartesian Co-ordinates i2mo, 

Johnson's (W. W.) Treatise on Ordinary and Partial Differential Equations. 

Small 8vo, 

Johnson’s Treatise on the Integral Calculus . .Small Svo, 

Johnson's (W- W.) Theory of Errors and the Method of Least Squares . i2ino, 

♦ Johnson’s (W. W.) Theoretical Mechanics i2nio, 

Laplace's Philosophical Essay on Probabilities. (Truscott and Emory. ).i2mo, 

♦ Ludlow and Bass. Elements of Trigonometry and Logarithmic and Other 

Tables 8vo, 

Trigonometry and Tables published separately Each, 

* Ludlow's Logarithmic and Trigonometric Tables Svo, 

Manning's IrrationalNumbers and their Representation by Sequences and Series 

i2mo, 

Mathematical Monographs. Edited by Mansfield Merriman and Robert 

S. Woodward Octavo, each 

No. I. History of Modern Mathematics, by David Eugene Smith. 

No. 2. Synthetic Projective Geometry, by George Bruce Halsted. 

No. 3. Determinants, by Laenas Gifford Weld. No. 4. Hyper- 
bolic Functions, by James McMahon. No. tJ. Harmonic Func- 
tions, by William E. Byerly. No. 6. Grassraann's Spatce Analysis, 
by Edward W. Hyde. No. 7. Probability and Theory of Errors, 
by Robert S. Woodward. No. 8. Vector Analysis and Quaternions, 
by Alexander Macfarlane, No. 9. Differential Equations, by 
William Woolsey Johnson. No. 10. The Solution of Equations, 
by Mansfield Merriman. No. ii. Functions of a Complex Variable, 


by Thomas S. Fiske. 

Maurer's Technical Mechanics 8vo, 

Merriman's Method of Least Squares Svo, 

Rice and Johnson’s Elementary Treatise on the Differential Calculus. . Sm. Svo, 

Differential and Integral Calculus. 2 vols. in one Small Svo, 

* Veblen and Lennes's Introduction to the Real Infinitesimal Analysis of One 

Variable Svo, 

Wood's Elements of Co-ordinate Geometry ;; Svo, 

Trigonometry; Analytical, Plane, and Spherical i2mo, 


5 oo 

2 Oo 

3 Oo 

1 So. 
^ Oo 

3 So. 
3 Oo- 
^ So 
3 oo- 

2 00 

3 oo 
2 oo 
I Oo 

t ^3 

^ 00 


4 - 00 

2 00 

3 00 
^ SO 

2 00 

2 00 

r oo- 


MECHANICAL ENGINEERING. 

MATERIALS OF ENGINEERING* STEAM-ENGINES AND BOILERS. 


Bacon's Forge Practice izmo, 

Baldwin’s Steam Heating for Buildings i2mo, 

Barr’s Kinematics of Machinery Svo, 

♦ Bartlett’s Mechanical Drawing Svo, 

* “ “ “ Abridged Ed. Svo, 

Benjamin’s Wrinkles and Recipes .i2mo. 

Carpenter’s Experimental Engineering Svo, 

Heating and Ventilating Buildings Svo, 

Clerk’s Gas and Oil Engine. Small Svo, 

Coolidge’s Manual of Drawing 8vo, paper, 

Coolidge and Freeman's Elements of General Drafting for Mechanical En- 
gineers Oblong 4to, 

Cromwell's Treatise on Toothed Gearing - i2mo, 

Treatise on Belts and Pulleys • • izmo, 


r so 
^ .so 
a so 

3 00 

I So 
a 00 
& 00 
4. 00 

4 00 
X 00 

a so 
X so 
X so 


13 




i Durley’s Kinematics of Machines 8vo, 4 00 

I Flather’s Dynamometers and the Measurement of Power i2mo, 3 00 

i] Rope Driving lamo, 200 

Gill’s Gas and Fuel Analysis for Engineers i2mo, i 25 

Hall’s' Car Lubrication i2mo, i 00 

Hering’s Ready Reference Tables (Conversion Factors) i6mo, morocco, 2 50 

Hutton’s The Gas Engine 8vo, 500 

Jamison’s Mechanical Drawing 8vo, 2 50 

Jones’s Machine Design: 

Parti. Kinematics of Machinery 8vo, i so 

Part II. Form, Strength, and Proportions of Parts 8vo, 3 00 

Kent’s Mechanical Engineers’ Pocket-book i6mo, morocco, 5 00 

Kerr’s Power and Power Transmission 8vo, 2 00 

Leonard’s Machine Shop, Tools, and Methods 8vo, 4 00 

♦ Lorenz’s Modern Refrigerating Machinery. (Pope, Haven, and Dean.) . . 8vo, 4 00 

MacCord’s Kinematics ; or. Practical Mechanism 8vo, 500 

Mechanical Drawing 4to, 400 

Velocity Diagrams 8vo, i 50 

MacFarland’s Standard Reduction Factors for Gases 8vo, i 50 

Mahan’s Industrial Drawing. (Thompson.) 8vo, 350 

Poole’s Calorific Power of Fuels 8vo , 3 00 

Reid’s Course in Mechanical Drawing 8vo, 2 00 

Text-book of Mechanical Drawing and Elementary Machine Design, 8vo, 3 00 

Richard’s Compressed Air izmo, 1 50 

Robinson’s Principles of Mechanism 8vo, 3 00 

Schwamb and Merrill’s Elements of Mechanism 8vo, 3 00 

Smith’s ( 0 .) Press- working of Metals 8vo, 3 00 

Smith (A. W.) and Marx’s Machine Design Syo, 3 00 

Thurston’s Treatise on Friction and Lost Work in Machinery and Mill 

Work 8yo, 3 00 

Animal as a Machine and Prime Motor, and the Laws of Energetics . izmo, i 00 

Tillson’s Complete Automobile Instructor i6mo, i 50 

Morocco, 2 00 

Warren’s Elements of Machine Construction and Drawing 8vo, 7 50 

Weisbach’s Kinematics and the Power of Transmission. (Herrmann — 

Klein.) 8vo, 5 00 

Machinery of Transmission and Governors. (Herrmann — Klein.). ,8vo, 5 00 

Wolff’s Windmill as a Prime Mover 8vo, 3 00 

Wood’s Turbines 8vo, 2 50 

MATERIALS OF ENGINEERING. 

* Bovey’s Strength of Materials and Theory of Structures 8vo, 7 50 

Burr’s Elasticity and Resistance of the Materials of Engineering. 6th Edition. 

Reset 8vo, 7 so 

Church’s Mechanics of Engineering 8vo, 6 00 

* Greene’s Structural Mechanics .-Svo, 2 50 

Johnson’s Materials of Construction 8vo, 6 00 

Keep’s Cast Iron 8vo, 2 50 

Lanza’s Applied Mechanics 8vo, 750 

Martens 's Handbook on Testing Materials. (Henning.) 8vo, 750 

Maurer’s Technical Mechanics 8vo, 4 00 

Mcrriman’s Mechanics of Materials 8vo, 5 00 

♦ Strength of Materials izmo, 1 00 

Metcalf’s Steel. A Manual for Steel-users i2mo, 2 00 

Sabin’s Industrial and Artistic Technology of Paints and Varnish 8vo, 3 00 

Smith’s Materials of Machines i2mo, i 00 

Thurston’s Materials of Engineering 3 vols., 8vo, 8 00 

Part II. Iron and Steel 8vo, 3 50 

Partm. A Treatise on Brasses, Bronzes, and Other Alloys and their 

Constituents 8vo, 2 so 
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Wood’s (De V.) Treatise on the Resistance of Materials and an Appendix on 


the Preservation of Timber ^vot a oo 

Elements of Analytical Mechanics 8vo, 3 00 

Wood’s (M. P.) Rustless Coatings: Corrosion and Electrolysis of Iron and 

Steel 4 00 

STEAM-ENGINES AND BOILERS. 

Berry’s Temperature-entropy Diagram i2mo, i as 

Carnot’s Reflections on the Motive Power- of Heat. (Thurston.) lamo, i 50 

Creighton’s Steam-engine and other Heat-motors 8vo, 5 00 

Dawson’s ** Engineering " and Electric Traction Pocket-book i6mo,mor., 5 00 

Ford’s Boiler Making for Boiler Makers i8mo, i 00 

Goss’s Locomotive Sparks 5vo, 2 00 

Locomotive Performance 8vo, 5 00 

Hemenway’s Indicator Practice and Steam-engine Economy lamo, 2 00 

Hutton’s Mechanical Engineering of Power Plants 8vo, 5 00 

Heat and Heat-engines 8vo, 5 00 

Kent’s Steam boiler Economy 8vo, 4 00 

Kneass’s Practice and Theory of the Injector 8vo, i 50 

MacCord’s Slide-valves 8vo, 2 00 

Meyer’s Modern Locomotive Construction 4to, 10 00 

Peabody’s Manual of the Steam-engine Indicator lamo. i 50 

Tables of the Properties of Saturated Steam and Other Vapors 8vo, i 00 

Thermodynamics of the Steam-engine and Other Heat-engines 8vo, 5 00 

Valve-gears for Steam-engines 8vo, 2 50 

Peabody and Miller's Steam-boilers 8vo, 4 00 

Fray’s Twenty Years with the Indicator Large 8vo, 2 50 

Pupin’s Thermodynamics of Reversible Cycles in Gases and Saturated Vapors. 

(Osterberg.) i2mo, 1 25 

Reagan’s Locomotives: Simple, Compound, and Electric. New Edition. 

Large i2mo, 3 50 

Sinclair’s Locomotive Engine Running and Management i2mo, 2 00 

Smart’s Handbook of Engineering Laboratory Practice i2mo, 2 50 

Snow’s Steam-boiler Practice 8vo, 3 00 

Spangler’s Valve-gears 8vo, 2 50 

Notes on Thermodynamics .'i2mo, 1 00 

Spangler, Greene, and Marshall’s Elements of Steam-engineering 8vo, 3 00 

Thomas’s Steam-turbines 8vo, 3 50 

Thurston’s Handy Tables ^ 8vo, x so 

Manual of the Steam-engine 2 vols.,8vo, 10 00 

Part %• History, Structure, and TjieoiT* 8vo, 6 00 

Part U. Design, Construction, and Operation 8vo, 6 00 

Handbook of Engine and Boiler Trials, and the XTse of the Indicator and 

the Prony Brake. 8vo, $ 00 

Stationary Steam-engines 8vo, 2 50 

Steam-boiler Explosions in Theory and in Practice lamo, i 50 

Manual of Steam-boilers, their Designs, Construction, and Operation. 8vo, 5 00 

Wehrenfenning’s Analysis and Softening of Boiler Feed-water (Patterson) 8vo, 4 00 

Weisbach’s Heat, Steam, and Stedm-engines. (Du Bois.) .fivo, s 00 

Whitbam’s Stea«|rengine Design. 8vo, s 00 


Wood's Thermodynamics, Heat Motors, and Refrigerating Machines . . .8to, 4 00 
MECHANICS AND MACHINERY. 


Barr’s Kinematics of Machinery 8ro, 2 50 

• Bovey’s Strcn^ of Materials and Theory of Structures 8vo, 7 5® 

Chase’s The Art of Pattern-making. xamo, 2 50 
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Spangler, Greene, and Marshall’s Elements of Steam-engineering 8vo, 3 oo 

Thurston's Treatise on Friction and Lost Work in Machinery and Mill 

Work 8vo, 3 00 

Animal as a Machine and Prime Motor, and the Laws of Energetics. i2nio, i 00 

Tillson’s Complete Automobile Instructor i6mo, i so 

Morocco, 2 00 

Warren’s Elements of Machine Construction and Drawin'^. 8vo, 7 So 

Weisbach’s Kinematics and Power ot Transmission, (Herrmann — Klein,). 8vo. 5 00 
Machinery of Transmission and Governors. (Herrmann — Klein. ),8vo. 5 00 

Wood’s Elements of Analytical Mechanics 8vo, ,3 00 

Principles of Elementary Mechanics lamo, i 25 

Turbines 8vo, 2 50 

The World’s Columbian Exposition of 1893 4th, i 00 


MEDICAL. 

* Bolduan’s Immune Sera l2mo, 1 50 

He Fursac’s Manual of Psychiatry. (Rosanoff and Collins.). . . .Large i2mo, 2 50 

Ehrlich’s Collected Studies on Immunity. (Bolduan.) 8vo, 6 00 

=* Fischer's Physiology of Alimentation Large l2mo, cloth, 2 00 

Hammarsten's Text-book on Physiological Chemistry. (Mandel.) 8vo, 4 00 

Lassar-Cohn’s Practical Urinary Analysis. (Lorenz.) i2iro, i 00 

* Pauli's Physical Chemistry in the Service of Medicine. (Fischer.) . . . . izmo, i 25 

* Pozzi-Escot’s The Toxins and Venoms and their Antibodies- (Cohn.). i2mo, i 00 

Rostoski's Serum Diagnosis. (Bolduan.) i2mo, . i 00 

Salkowski’s Physiological and Pathological Chemistry. (Orndorff.) 8vo, 2 so 

* Satterlee's Outlines of Human Embryology i2mo, i 25 

Steel's Treatise on the Diseases of. the Dog 8 vo, 3 5 ® 

Von Behring’s Suppression of Tuberculosis. (Bolduan.) izmo, i 00 

Woodhull's Kotes on Military Hygiene i6mo, 1 50 

* Personal Hygiene izmo, i 00 

Wulling’s An Elementary Course in Inorganic Pharmaceutical and Medical 

Chemistry izmo, 2 00 


METALLURGY. 


Betts’s Lead Refining by Electrolysis, (In Press.) 

Egleston’s Metallurgy of Silver, Gold, and Mercury: 

Vol. 1. Silver 8vo, 7 50 

Vol. n. Gold and Mercury 8vo, 7 So 

Goesel's Minerals and Metals: A Reference Book i6mo,mor. 3 00 

=♦ Iles’s I^ead-smelting i2mo, 2 50 

Keep’s Cast Iron 8vo, 2 50 

Kunhardt’s Practice of Ore Dressing in Europe 8vo, i 50 

Le Chatelier’s High-temperature Measurements. (Boudouard — Burgess. )i2mo, 3 00 

Metcalf’s Steel. A Manual for Steel-users i2mo, 2 oO 

Miller’s Cyanide Process i 00 

Minet’s Production of Aluminum and its Industrial Use. (Waldo.).,. .i2mo, 2 50 

Robine and Lenglen’s Cyanide Industry. (Le Clerc.) 8vo, 4 00 

Smith’s Materials of Machines i2moi 1 6b 

Thurston’s Materials of Engineering. In Three Parts 8vo, 8 eo 

Part n. Iron and SteeL .8vo, 3 50 

Part in. A Treatise on Brasses, Bronzes, and Other Alloys and their 

Constituents 8vo, 2 50 

trike’s Modern Electrolytic Copper Refining. 8vo, 3 00 


MINERALOGY. 

Barringer’s Descripti'^n of Minerals of Commercial Value. Oblong, morocco, 2 .50 
Boyd’s Resources of Southwest Virginia. 8vo, i.3 00, 

17 



Cheater’s Catalog:ue of Minerals. . . 8vo, paper, i o 

Cloth, I 2 

Dictionary of the Names of Minerals 3 s 

Dana’s System of Mineralogy Large 8vo, half leather, 12 5 

First Appendix to Dana's New “ System of Mineralogy.'’ Large 8vo, i o 

Text-book of Mineralogy 

Minerals and How to Study Them i2mo, i z 

Catalogue of American Localities of Minerals. . , ' Large 8vo, 1 0 

Manual of Mineralogy and Petrography i2mo 2 o 

Douglas’s Untechnical Addresses on Technical Subjects i2mo, i o 

Fakle's Mineral Tables 8vo, 12 

Egleston’s Catalogue of Minerals and Synonyms 8vo, 2 5 

Goesel’s Minerals and Metals ; A Reference Book i6mo, mor. 3 o 

Groth’s Introduction to Chemical Crystallography (Marshall) ifmo, 1 2, 

Iddings’s Rock Minerals 8vo, 30 

Johannsen’s Key for the Determination of Rock-forming Minerals in Thin 
Sections. (In Press.) 

* Martin's Laboratory Guide to Qualitative Analysis with the Blowpipe, lamo, C 

Merrill’s Non-metaUic Minerals. Their Occurrence and Uses 8vo, 4 oi 

Stones for Building and Decoration 8vo, 5 o 

* Penfield’s Notes on Determinative Mineralogy and Record of Mineral Tests. 

8vo, paper, s< 

Tables of Minerals 1 0 

* Richards’s Synopsis of Mineral Characters i2mo. morocco, 1 2« 

* Ries’s Clays. Their Occurrence. Properties, and Uses 8vo, $ o( 

Rosenbusch’s Microscopical Physiography of the Rock-making Minerals. 

(Iddings.) 8vo, 5 o( 


* Tillman’s Text-book of Important Minerals and Rocks .8vo, 2 o< 


MINING. 


Beard’s Mine Gases and Explosions. (In Press.) 

Boyd’s Resources of Southwest Virginia 8vo, 3 a 

Map of Southwest Virginia Pocket-book form, 2 O' 

Douglas’s Untechnical Addresses on Technical Subjects i2mo, i a 

Eissler’s Modern High Explosives .8 to» 4 o 

Goesel’s Minerals and Metals ; A Reference Book i6mo, mor. 3 oi 

Goodyear's Coal-mines of the Western Coait of the United States z2mo, 2 5 

Ihlseng’s Manual of Mining. 8vo, 5 o* 

» Des’s Lead-smelting i2mo, 2 5< 

Kunhardt’s Practice of Ore Dressing in Europe 8vo, i 5< 

Miller’s Cyanide Process i2mo, 1 o< 

O’DriscoU’s Notes on the Treatment of Gold Ores 8vo, 2 o< 

Robine and Lenglen’s Cyanide Industry. (Le Clerc.) 8vo, 4 0( 

Weaver’s Military Explosives 8vo, 3 oi 

Wilson’s Cyanide Processes 12 mo, 151 

Chlprination Process >. iimo, 

Hy^aulic and' Placer Mining. 2d edition, rewritten i2mo, 2 S* 


Treatise cm Practical and Theoretical 'Mine Ventilation ismon 1 2* 


SANITARY SCIENCE. 


Bashore’s Sanitation of a Country House 1 00 

♦ Outlines of Practical Sanitation lamo, r as 

Folwell’s Sewerage. (Designing, Construction, and Maintenance.) 8vo, s no 

Water-supply Engineering .8vo, 4 no 
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IFowler’s Sewage Works Analyses. , ^ i2mD, 2 00 

JPuertes’s Water and Public Health. .| .T. .- 1 . ! i2mo, r 50 

Water-filtration Works i2mo, 250 

■Gerhard’s Guide to Sanitary House-inspection i6mo, i 00 

Sanitation of Public Buildings 12mo, 1 so 

Hazen’s Filtration of Public Water-supplies 8vo, 3 00 

Leach’s The Inspection and Analysis of Food with Special Reference to State 

Control ,. .8 VO, 7 so 

•Mason’s Water-supply. C Considered principally from a Sanitary Standpoint) 8 vd, 4 00 
Examination of Water. (Chemical and Bacteriological.) i2mo, 125 

* Merriman’s Elements of Sanitary Engineering 8vo^ 2 00 

Ogden’s Sewer Design i2mo, 200 

Prescott and Winslow’s Elements of Water Bacteriology, with Special Refer- 
ence to Sanitary Water Analysis izmo, 1 25 

* Price’s Handbook on Sanitation izmo, i 50 

•Richards’s Cost of Food. A Study in Dietaries i2mo, i 00 

Cost of Living as Modified by Sanitary Science rzmo, i 00 

Cost of Shelter r2mo, i 00 

Richards and Woodman’s Air. Water, and Food from a Sanitary Stand- 
point Svo, 2 00 

* Richards and Williams’s The Dietary Computer Svo, i 50 

Rideal’s Sswage and Bacterial Purification of Sewage Svo, 4 00 

Disinfection and the Preservation of Food. Svo, 4 00 

Turneaure and Russell’s Public Water-supplies Svo. 5 00 

Von Behring’s Suppression of Tuberculosis. (Bolduan.) i2mo, i 00 

Whipple’s Microscopy of Drinking-water Svo, 3 50 

Wilson’s Air Conditioning. (In Press.) 

Winton’s Microscopy of Vegetable Foods Svo, 7 50 

Woodhull’s Notes on Military Hygiene iCmo, i 50 

* Personal Hygiene i2mo, i 00 
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MISCELLANEOUS. 

Association of State and National Food and Dairy Departments (Interstate 
Pure Food Commission) : 

Tenth Annual Convention Held at Hartford, July 17 - 20 , 1906 . ...8vo, 3 00 

Eleventh Annual Convention, Held at Jamestown Tri-Centennial 
Exposition, July 16 - 19 , 1907 . (In Press.) 

Emmons’s Geological Guide-book of the Rocky Mountain Excursion of the 


International Congress of Geologists Large Cvo, i 50 

Ferrel’s Popular Treatise on the Winds .8vo, 4 00 

Gannett’s Statistical Abstract of the World 24mo, 75 

Gerhard’s The Modem Bath and Bath-houses. (In Press.) 

Haines’s American Railway Management i2mo, 2 so 

Ricketts’s History of Rensselaer Pol3riechnic Institute, 18 24-1 8 04.. Small Svo, 3 00 

Rotherham’s Emphasized New Testament Large Svo, 2 Oo 

Standage’s Decorative Treatment of Wood, Glass, Metal, etc. (In Press.) 

The World’s Columbian Exposition of 1893 4to, i 00 

Winslow’s Elements of Applied Microscopy i2mo, i 50 


HEBREW AND CHALDEE TEXT-BOOKS. 

Green’s Elementary Hebrew Grammar i2mo, 

Hebrew Chrestomathy Svo, 

Gesenius’s Hebrew and Chaldee- Lexicon to the Old Testament Scriptures. 

(Tregelles.) Small 4to, half morocco 

Letteris’s Hebrew Bible ' .Svo, 


1 25 

2 00 


S 00 

2 25 
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